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THEME 

In  the  Symposium,  the  following  subjects  were  discussed:  New  problems  and  improve¬ 
ments  in  combustors  and  augmentors;  combustion  problems  with  alternative  jet  engine  and 
industrial  fuels;  combustion  of  highly  aromatic  fuels;  mixture  preparation  in  tow  pollution 
and  multi-fuel  combustors;  combustor  modelling. 

The  Symposium  was  divided  into  7  sessions;  Fuel  Research;  Fuel  Effects  in  Main 
Burners;  Fuel  Preparation;  Kinetics  and  Soot  Formation;  Liner  Cooling  and  Traverse  Quality; 
Combustion  Model  Elements;  and  Modelling  for  Main  Burners. 


*  «  *  * 


Au  cours  de  ce  Symposium  les  sujets  suivants  ont  6tudi6s;  nouveaux  problimes  et 
perfectionnements  dans  le  domaine  des  foyers  et  des  augmenteurs;  problemes  de  combustion 
pos£s  par  les  futurs  carburants  industriels  et  pour  r6acteurs;  combustion  des  carburants  a 
haute  teneur  aromatique;  preparation  de  melanges  pour  les  foyers  k  faible  taux  de  pollution 
et  carburants  multiples;  modeiisation  des  foyers. 

Sept  seances  composerent  le  Symposium  k  savoir:  Recherches  sur  les  carburants;  Effets 
des  carburants  dans  les  bruleurs  principaux;  Preparation  des  carburants;  Cinetique  et  formation 
de  suie;  Refroidissement  de  la  chemise  interieure  et  etude  des  champs  de  temperature;  Elements 
de  modeie  de  combustion;  et  Modeiisation  des  briiteurs  principaux. 
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TECHNICAL  EVALUATION  REPORT 


by 

Hukam  C.Mongia 


I .  INTRODUCTION  AND  SUMMARY 

With  ever-increasing  emphasis  on  improving  gas  turbine  cycle  efficiency,  reducing  engine  development  time/ cost, 
reducing  cost  of  ownership,  minimizing  pollutant  emissions,  and  more  recently  the  need  to  develop  fuel-tolerant  com¬ 
bustion  systems,  the  combustion  problems  in  gas  turbine  engines  require  special  considerations.  Consequently,  the 
AGARD  Propulsion  and  Energetics  Panel  (PEP)  coordinated  a  62nd  Symposium  that  was  held  in  (/ejme,  Turkey  on 
October  3-6,  1983. 

A  total  of  36  papers  was  presented  in  this  symposium  entitled  “Combustion  Problems  in  Turbine  Engines”.  The 
conference  covered  the  following  five  subject  areas: 

-  Alternative  Fuels 

-  Fuel  Preparation 

-  Kinetics  and  Soot 

-  Liner  Cooling  and  Traverse  Quality 

-  Combustion  Modeling. 

Each  of  these  topics  is  covered  in  Paragraphs  2  through  6,  respectively. 

The  meeting  was  well  attended  with  delegates  from  various  NATO  countries.  All  of  the  sessions  were  lively  with 
ample  discussion  time  provided  at  the  end  of  each  paper.  A  number  of  interesting  points  were  brought  forward  resulting 
in  useful  exchange  of  technical  information. 

It  was  the  feeling  of  the  delegates  that  the  basic  objectives  of  the  meeting  were  achieved,  and  that  intensive  com¬ 
bustion  research  activities  should  continue  for  solving  gas  turbine  combustion  problems. 


2.  ALTERNATIVE  FUELS 

Nine  papers  were  presented  ( I  -9)  covering  the  effects  of  alternative  fuels  on  gas  turbine  combustion  system 
performance  with  regard  to  soot  emission,  radiation  heat  loading,  wall  temperatures,  ignition,  relight  altitude,  nozzle 
performance,  and  fuel  thermal  stability.  By  combining  presenters  from  universities,  research  laboratories  and  industry, 
it  was  possible  to  present  a  balanced  view  on  the  alternative  fuels  and  their  impact  on  gas  turbine  system  design. 

Gardner  and  Whyte  ( 1 )  presented  a  summary  of  the  work  compiled  by  the  AGARD  Working  Group  1 3  on  Alterna¬ 
tive  Jet  Fuels;  the  details  are  given  in  the  AGARD  Advisory  Report  No.lSl  (July,  1982).  Normalized  soot  emission  C* 
of  a  number  of  combustors  was  best  fitted  as  a  function  of  hydrogen  content,  i.e.  a  straight  line  on  a  semi-log  scale.  Here 
C*  represents  the  ratio  of  the  soot  formed  by  any  fuel  to  the  soot  formed  by  a  fuel  having  hydrogen  content  of  1 2.5%. 

An  attempt  was  made  to  classify  various  combustion  systems  into  the  following  four  categories: 

A.  Conventional  combustors 

B.  Semi-premix  combustors 

C.  Stirred  reactors 

D.  Pressure  reactors. 

For  each  of  these  categories,  best-fit  curves  were  presented  of  carbon  emission  index  (Cej)  as  a  function  of 


The  trends  were  predicted  properly,  although  there  was  a  significant  scatter  in  the  data  base. 


ix 


The  NASA-sponsored  and  in-house  work  on  jet  fuel  stability  was  presented  by  Baker  (2)  emphasizing  the  following 
major  topics; 

( 1 )  Nature  of  fuel  instability  and  its  temperature  dependence 

( 2)  Methods  of  measuring  the  instability 

(3)  Chemical  mechanisms  involved  in  deposit  formation 

(4)  Instrumental  methods  for  characterizing  fuel  deposits. 

Deposit  formation  investigation  on  four  hydrocarbon  fuels  was  presented  in  Reference  3;  this  NASA-funded  work 
is  being  conducted  at  the  United  Technology  Research  Center  and  the  Pratt  and  Whitney  Aircraft  West  Palm  Beach 
facilities. 

How  gas  turbine  industry  views  the  special  problems  posed  by  alternative  fuels  was  presented  by  Dodds  of  G.E.  (4), 
Mosier  of  P&W  (5),  Sampath  of  P&W  Canada  (6)  and  Marchionna  of  Avco  Lycoming  (9).  Moses  summarized  his  work  (7) 
at  Southwest  Research  Institute,  whereas  Odgers  and  Kretschmer  (8)  covered  the  effect  of  fuel  composition  upon  heat 
transfer  in  gas  turbine  combustors. 

The  following  important  observations  can  be  made: 

( 1 )  Majority  of  the  work  reported  concerns  measurements  of  wall  temperature  (T,^ ),  soot  emission  (C)  and 
radiation  flux  (Qr). 

(2)  In  recent  work,  emphasis  has  shifted  to  studying  fuel  thermal  stability,  ignition,  relight  altitude,  and  nozzle 
performance, 

(3j  Some  effort  continues  on  studying  wall  carbon,  gaseous  emissions,  and  burner  outlet  temperature  quality. 

(4)  Hydrogen  content  seems  to  be  the  most  popular  parameter  for  correlating  wall  temperature,  soot  emission 
and  radiation  flux  levels. 

(5)  Some  investigators  are  pursuing  other  parameters,  e.g.  aromatic  content,  ring-carbon  content,  multiring  aromatic 
content. 

(6)  How  aromatic  composition  affects  T^,  C  and  qr  has  not  been  settled. 

(7)  Additional  efforts  are  needed  to  improve  the  data  base  for  the  soot  correlation  performed  by  Odgers  and 
Kretschmer  (8). 

A  number  of  attempts  have  been  made  to  develop  universal  curves  for  C*,  T,v  *  and  qr  •  for  gas  turbine  combustors. 
Based  on  experience,  it  can  be  concluded  that  such  an  attempt  has  not  been  successful  even  for  combustors  burning 
conventional  fuels,  e.g.  universal  curves  have  not  been  developed  for  combustion  efficiency,  cooling  airflow  requirements, 
lean  blowout  and  ignition  fuel-air  ratios.  Therefore,  normalized  curves  of  Cg],  T*  and  radiation  intensity  cannot  be 
developed  as  a  function  of  fuel  properties.  This  is  because  combustor  performance  depends  on  many  factors  including 
the  following: 

(a)  Combustor  design  philosophy 

(b)  Fuel  injection  system 

(c)  Dome/primary  zone  design 

(d)  Engine  duty  cycle 

(e)  Field-related  environment. 

We  do  not  know  enough  about  various  fundamental  processes  leading  to  soot  formation,  including  fuel  preparation 
and  turbulent  spray  combustion.  It  is  therefore  difficult  to  predict  the  effect  of  fuel  properties  on  C,  radiation  emissions 
and  hence  wall  temperature  levels.  Simple  one-dimensional  wall  temperature  calculation  procedures  (8)  are  useful  for 
interpreting  and  correlating  data.  More  complex  calculation  methods  are  needed  for  predicting  wall  temperatures  as  a 
function  of  fuel  properties. 


3.  FUEL  PREPARATION 

Nine  papers  (10-17,  35)  were  presented  covering  the  following  areas; 

( 1 )  Performance  of  fuel  injection  systems,  particularly  vaporizers  (11)  and  airblast  nozzles  (12,  14). 

(2)  Combustor/fuel  injector  interaction  (10,  11,  17) 

(3)  Spray  characterization  and  mix  ing  ( 1 3,  14,  16) 

(4)  New  optical  measurement  techniques  (1 5,  35)  for  detailed  spray  analysis. 

These  papers  were  quite  useful  for  further  improving  our  understanding  of  the  various  complex  processes  involved 
in  fuel  preparation.  This  important  field  requires  continuous  funding  support  for  the  following  reasons: 
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Current  injector/ combustor  system  integration  procedure  is  highly  empirical 

Nozzle  spray  characterization  is  badly  needed  including  mean  droplet  size;  spray  cone  angle;  droplet  size; 
and  velocity  distribution 

Near-nozzle  flow  characteristics  need  to  be  known  not  only  to  better  understand  various  processes  but  also 
to  formulate  a  tractable  simulation  that  can  be  incorporated  in  multi-dimensional  calculation  procedures 

The  need  for  spray  investigations  with  production  type  or  near  production  type  fuel  injectors  was  stressed. 

More  work  is  needed  in  assessing  effects  of  scale  and  other  geometrical  details  on  airblast  nozzle  performance. 

Many  types  of  injector  geometries  have  been  investigated.  There  should  be  close  collaboration  between  industry  and 
academe. 

A  particular  fuel  injector  design  does  not  make  it  a  good  or  a  bad  design.  It  is  the  combustion/injection  system 
that  makes  a  particular  design  more  attractive  than  the  other  design.  A  number  of  research  and  development  programs 
have  supported  the  above  statement.  For  example.  Reference  6  and  also  RosQord  and  Briehl*  have  shown  the  vaporizer 
concept  to  be  inferior,  whereas  the  Rolls-Royce  Bristol  Division  has  achieved  superior  performance  with  vaporizing 
.systems.  The  multiple  jet  combustor  improved  performance  (17)  may  be  partly  due  to  the  use  of  a  vaporizing  system. 

Detailed  spray/flow  field  mapping  work  is  urgently  needed;  both  mean  and  fluctuating  components  need  to  be 
quantified.  The  NASA-Lewis  Research  Center  has  made  a  good  start  ( 1 5)  in  this  direction.  The  technique  proposed  in 
Reference  35  appears  quite  promising.  Information  is  also  needed  for  regions  close  to  the  fuel  iqjector  face  to  help  solve 
shroud  burning  and  carbon  formation  problems. 

Wittig,  like  others,  has  again  pointed  out  (13)  the  importance  of  spray  characterization  including  droplet  size  dis¬ 
tribution,  various  mean  sizes,  and  how  the  airflow  field  changes  these  distributions. 


4.  KINETICS  AND  SOOT 

Five  papers  were  presented  (18-22)  covering  kinetics  and  soot  formation/oxidation.  To  improve  our  basic  under¬ 
standing  of  soot  formation/oxidation  processes,  detailed  studies  should  be  conducted  on  turbulent  diffusion  flames. 
Kent  and  Wagner  have  made  a  good  start  in  this  direction.  Basic  studies  like  that  of  Homann  and  his  associates  ( 1 9)  are 
needed  to  establish  fundamental  mechanisms  of  soot  particle  growth. 

Prerequisites  for  predicting  soot  in  practical  gas  turbine  combustion  systems  are; 

-  Good  hydrocarbon  kinetic  models 

-  Acceptable  turbulence/chemistry  models 

-  Acceptable  spray/flow/chemistry  models. 

All  these  areas  require  further  investigation. 

In  order  to  improve  the  understanding  of  the  various  processes,  nonintrusive  soot  measurement  techniques  are 
needed  for  mapping  “practical"  flames.  The  work  being  performed  (2 1 )  by  Samuelsen  and  his  associates  is  of  immense 
interest  to  gas  turbine  industry. 


5.  UNER  COOLING  AND  TRAVERSE  QUALITY 

The  two  most  challenging  problems  in  advanced  technology  combustors  are: 

-  Liner  cooling  and  structure  durability 

-  Burner  outlet  temperature  quality  including  pattern  factor  (PF). 

Low  combustion  system  pressure  loss,  high  burner  temperature  rise,  and  high  combustor  heat  release  rate  are  some 
of  the  important  factors  that  have  contributed  to  the  high  PF  problems  of  gas  turbine  combustors. 

There  are  many  solutions  to  reducing  PF  including; 

-  Minimize  cooling  air  requirement 

-  Optimum  dome/primary  zone  design 
Maximum  utilization  of  the  available  dilution  air. 


*  RosQord,  RJ.  Evaluation  of  Fuel  injection  Conflguralton  to  Control 

Briehl,  D.  Carbon  and  Soot  Formation  in  Small  GT  Combustors,  AIAA,  Paper  82-1 17S,  June  1982. 
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The  cooling  air  requirement  can  be  minimized  by  improving  cooling  effectiveness.  Fundamental  understanding  of 
various  cooling  schemes  should  be  enhanced  by  conducting  tests  under  controlled  test  conditions,  as  being  investigated 
by  Simon,  Schubert,  and  Basler  (24).  How  a  particular  advanced  cooling  scheme  performs  in  the  field  is  being  investigated 
by  Rolls-Royce  (23).  Improvement  in  idle  emissions  and  high-power  temperature  quality  should  be  expected  with  a 
TRANSPLY  combustor.  Bhangu,  Eardley,  and  Snape  have  given  a  good  summary  of  the  TRANSPLY  combustor 
performance  improvements  over  the  conventional  spray  combustor. 

The  dilution  air  requirement  can  be  minimized  by  making  maximum  utilization  of  the  available  air.  In  that  respect, 
jet  mixing  in  a  can  combustor  should  be  investigated  (as  reported  in  Reference  26)  to  better  understand  dilution  jet 
mixing  processes. 

Dilution  jet  mixing  in  transition  liners  of  reverse  flow  combustors  is  of  great  interest  to  companies  which  make 
small  gas  turbine  engines.  In  that  direction,  Wittig  and  his  associates  reported  measurements  in  a  90-degree  pipe  bend 
(25).  The\  also  presented  calculations  for  a  plane  geometry  with  a  90-degree  turn.  The  measurements  and  calculations 
demonstrated  the  complex  nature  of  the  flow  field  involved.  It  should  be  noted  that  the  flow  field  in  annular  transition 
liner  geometries  should  be  quite  different  from  that  of  pipe  bends. 


6.  COMBUSTION  MODELING 

A  number  of  papers  (27-34,  36  and  37)  were  presented  covering  a  broad  spectrum  of  combustion  modeling 
including  a  fundamental  investigation  being  conducted  by  Roquemore  et  al.  (36).  A  number  of  comments  are  made 
regarding  these  papers  in  the  following  paragraphs. 

Both  simple  and  complex  multidimensional  models  should  be  developed.  These  models  include: 

Models  based  on  characteristic  time  concept  (32) 

Well-stirred  and  partially  stirred  reactors  (34) 

Modular  approach  based  on  parabolic  calculation  procedures 
Multidimensional  elliptic  calculations. 

There  appears  to  be  consensus  among  many  researchers  in  regard  to  model  validation  efforts: 

-  “Benchmark”  quality  data  should  be  collected 

Validation  effort  should  proceed  from  simple  to  complex  flows,  first  starting  with  nonreacting  flows  and  then 
proceeding  to  reactive  flows. 

Current  state-of-the-art  models  of  turbulence,  scalars,  chemistry,  radiation  and  spray  transport/dispersion  predict 
trends.  Further  improvements  are  needed  to  enhance  their  usefulness  as  combustor  design  tools.  Concurrently,  non- 
intrusive  measurement  techniques  should  be  developed  and  “benchmark”  quality  data  should  be  gathered  to  assess  these 
models.  Advanced  numerical  schemes  should  be  developed  to  reduce  false  diffusion  and  computation  times. 
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Summary 


^'During  at  least  the  next  twenty  years  the  only  economically  available  fuels  for 
aviation  turbine  engines  will  be  hydrocarbons  but  the  composition  will  change  due  to 
increased  demand  relative  to  other  petroleum  products,  changes  In  available  crudes, 
changes  in  refinery  processing  and  the  introduction  of  ^synthetic*  crudes  from  heavy 
oils,  tar  sands,  shale  and  coal.  This  paper  attempts  to  predict  some  of  the  changes  in 
fuel  properties  which  are  likely  to  occur  and  the  problems  these  will  cause  in  current 
turbine  engines.  ^ _ 


1 .  Introduction 

It  appears  that  the  main  transportation  fuels  and  particularly  those  for  aircraft 
will  be  hydrocarbons  well  into  the  next  oentury(l).  No  other  fuels  have  the  high 
calorific  value  and  ease  of  handling  of  liquid  hydrocarbons  and  the  present  models  of 
aircraft  turbine  engines  have  been  designed  and  successfully  used  on  these  fuels. 
However  the  sources  and  properties  of  these  liquid  hydrocarbons  will  change  over  this 
time  period.  Refinery  operation  in  most  areas  of  the  world  is  changing  because  of 
decreased  relative  demands  for  gasoline  and  heavy  residual  fuels  coupled  with  Increased 
relative  requirements  for  middle  distillates  of  which  aviation  kerosine  is  a  small  but 
Important  section.  In  many  cases  it  will  no  longer  be  possible  to  produce  the  required 
quantities  of  aviation  kerosine  (and  the  competing  low  pour  diesel  fuels)  using  only 
simple  distillation  from  the  crude.  The  alternative  streams  available  in  the  refinery 
generally  tend  to  have  higher  aromatic  contents  (lower  hydrogen  contents)  and  require 
considerable  upgrading  to  meet  present  requirements.  Conventional  crudes  are  becoming 
heavier  and  have  higher  aromatic  contents  and  all  the  alternative  sources  have  even 
higher  carbon  to  hydrogen  ratios.  It  la  of  course  theoretically  possible  to  produce 
fuels  to  present  specifications  from  all  the  alternative  sources  -  heavy  crudes,  tar 
sands,  shale  and  coal  -  but  the  processing  required,  either  elimination  of  carbon  or 
addition  of  hydrogen  or  both  are  expensive  both  in  capital  investment  and  operating 
costs  and  use  more  refinery  fuel  for  a  lower  yield.  Therefore  it  is  necessary  to  seek 
some  compromise  where  the  cost  of  the  fuel  will  be  held  as  low  as  possible  without 
incurring  severe  penalties  in  increased  engine  maintenance  and  without  compromising 
safety  aspects. 

At  present  throughout  most  of  the  world  there  are  two  general  grades  of  aviation 
turbine  fuel  used,  wide-cut  and  kerosine  (Table  1).  The  wide-cut  fuels  were  developed 
in  the  50 's  to  give  the  maximum  fuel  yield  per  barrel  of  crude  and  Include  straight  run 
gasoline  and  kerosine  fractions.  The  trend  today  is  however  towards  the  use  of 
kerosine  type  fuels  in  civil  aircraft  because  of  a  slightly  Increased  margin  of  safety 
in  handling  and  under  survivable  crash  conditions,  and  in  military  aircraft  because  of 
lower  vulnerability  under  combat  conditions.  The  wide-cut  fuels  can  nevertheless  be 
made  more  readily  available  in  larger  quantity,  are  generally  marginally  cheaper  and 
are  also  essential  for  operations  in  present  engines  in  colder  climates  such  as  Alaska 
and  Northern  Canada. 

Because  of  the  relative  scarcity  and  preferred  use  of  the  keroslne-type  fuels  most 
future  forecasts  and  investigations  of  engine  behaviour  have  been  concentrated  on  this 
type  of  fuel . 

The  future  changes  in  the  properties  of  aviation  turbine  fuels  which  are  expected 
to  have  the  greatest  Influence  on  engine  and  aircraft  operation  and  durability  are: 

Aromatic  content  (hydrogen  content) 

Viscosity 

Volatility 

Storage  and  thermal  stabilities 
Freezing  point 

These  are  discussed  in  the  next  sections  below. 

2.  Aromatics  (reviewed  by  J.  Odgers  (2)) 

(a)  Smoke  Formation:  The  generally  aooepted  route  of  carbon  formation  in  flames 
is  shown  in  Fig  1.(2).  This  demonstrates  tbs  ease  by  which  aromatic  oompounds  give 
rise  to  soot  compared  with  the  aliphatic  oompounds.  One  of  the  diffioultiss  in 
evaluating  published  smoke  data  is  the  large  variety  of  teohniquss  used  to  msaaurs  soot 
and  some  fora  of  standard  isokinetic  sampling  oalibratsd  by  means  of  a  standard 


gravimetric  technique  Is  badly  required  to  enable  comparisons  to  be  made  between 
different  Investigations.  An  approximate  relationship  between  gravimetric  exhaust 
carbon  and  that  measured  by  various  techniques  is  shown  in  Fig.  2  but,  because 
variations  occur  with  fuel  type  and  geometry  and  operating  conditions  of  the  combustor, 
the  accuracy  is  probably  no  better  than  ±  20J  of  carbon  content. 


The  effect  of  the  hydrogen  content  of  the  fuel  on  carbon  formation  has  been  widely 
studied.  To  overcome  the  problems  caused  by  the  variation  in  measuring  techniques  the 

term  C*,  the  ratio  of  the  carbon  formed  by  any  fuel  to  the  carbon  formed  by  a  fuel 

having  12.511  hydrogen  has  been  Introduced.  This  gives  the  typical  results  shown  In 

Fig.  3  from  a  wide  variety  of  combustors  both  gas  turbines  and  laboratory  equipment 
including  both  premixed  and  diffusion  flames.  Whilst  this  correlation  is  useful  the 
necessity  of  a  reference  point  is  inconvenient  and  it  would  be  better  if  the  actual 
carbon  content  could  be  predicted.  Examination  of  the  large  amount  of  published  work 
indicated  that  the  factors  of  pressure,  inlet  temperature,  hydrogen  content  and 
oxygen/carbon  ratio  are  the  major  Influences  with  temperature  having  a  relatively  small 
effect.  Residence  time  must  also  play  a  large  part  but  much  of  the  data  examined  had  a 
fairly  constant  residence  time  of  2-3  milliseconds  in  the  reaction  zone.  Analysis  of 
the  results  suggests 
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where  all  the  variables  refer  to  overall  operating  conditions.  A  plot  of  the  data 
(Fig.  4)  shows  not  only  that  from  conventional  pressure  Jet  atomiser  combustors  but 
also  so-called  premixed  combustor  data  and  laboratory  combustor  figures.  It  can  be 
seen  that  the  general  slope  characteristics  are  quite  similar  except  for  the  stirred 
reactor  where  carbon  content  was  so  low  that  there  are  no  discernible  trends.  Since 
the  variables  in  the  gas  turbine  combustor  data  varied  in  pressure  from  0.1  to  1.4  mPa, 
inlet  temperature  from  294  to  781 "K,  carbon/oxygen  ratio  27  to  11  and  hydrogen/carbon 
ratio  2.0  to  1.4  it  would  appear  that  it  may  be  possible  to  predict  the  effects  of 
different  fuels  and  operating  variables  and  also  to  predict  high  pressure  results  from 
low  pressure  tests.  This  correlation  suggests  a  trend  not  yet  sufficiently 
comprehensive  nor  accurate  but  provides  a  semi-quantitative  estimation  which  might  well 
be  usefully  modified  as  more  precise  information  becomes  available. 

Combustor  data  for  gaseous  emissions  and  combustion  efficiency  generally  show  only 
small  dependence  on  the  various  fuel  properties  although  at  some  higher  viscosity 
level,  increase  in  droplet  size  and  evaporation  time  will  lead  to  Increased  unburned 
hydrocarbon  and  carbon  monoxide  emissions  with  a  corresponding  decrease  in  combustion 
efficiency. 

(b)  Flame  Radiation:  The  other  Important  effect  of  higher  aromatic  content  fuels 
is  the  Increased  luminosity  of  the  flame  which  Increases  radiation  and  hence  combustion 
chamber  liner  temperature  affecting  the  life  of  hot  section  components.  Without  the 
presence  of  film  cooling  the  combustor  wall  receives  heat  by  convection  and  radiation 
from  the  hot  gases  and  loses  heat  by  convection  to  the  air  in  the  combustor  casing  and 
by  radiation  from  the  combustor  wall  to  the  casing  wall.  Despite  the  complications  of 
simultaneous  heat  and  mass  transfer  it  is  possible  to  calculate  combustor  wall 
temperatures  over  a  range  of  conditions.  In  real  combustors  the  situation  is  further 
complicated  by  the  use  of  air  for  film  cooling  of  the  combustor.  Nevertheless 
empirical  relationships  have  been  worked  out  for  a  conventional  combustor  burning 
liquid  fuel  with  conventional  film  cooling.  In  order  to  estimate  the  amount  of 
radiation  from  the  flame  it  is  necessary  to  estimate  its  emlssivlty.  A  considerable 
amount  of  laboratory  work  has  been  done  to  establish  the  emlssivlty  of  transparent  and 
non-transparent  gases.  However  for  gas  turbine  applications  with  luminous  flames  it  is 
much  more  difficult  and  again  empirical  equations  have  been  derived.  Since  the 
accuracy  is  only  i25<  it  is  obvious  that  further  work  in  this  area  is  warranted. 

Figs.  5  and  6  show  the  effect  on  wall  temperatures  predicted  by  these  equations  at 
different  engine  compression  ratios  (»)  with  variable  fuel  hydrogen  contents.  The 
effect  of  hydrogen  content  is  much  more  significant  at  low  pressures  and  is  greater 
within  the  secondary  zone  than  the  primary  zone. 

These  predicted  wall  temperatures  are  compared  with  actual  measurements  in 
combustors  in  Figs.  7  and  8  (the  predictions  are  the  shaded  bands).  Agreement  is 
reasonably  good  for  the  older  engines  in  Fig.  7  hut  there  is  less  effect  of  lower 
hydrogen  content  then  predicted  for  the  F101  engine  in  Fig.  8.  This  Is  reckoned  to  be 
due  to  the  lean  primary  zone  design  of  this  particular  engine  which  was  not  allowed  for 
in  the  calculations. 


Using  conventional  fuels  with  a  premixed-prevapourlzed  system  should  give  blue 
non-luminous  flames  which  would  be  insensitive  to  fuel  composition.  The  results  shown 
in  Fig.  9  for  two  experimental  combustors  of  this  type  are  in  good  agreement  with  this 
supposition. 

The  effects  of  the  increased  liner  temperature  on  combustor  life  has  been 
investigated  for  three  engines.  For  the  J79  engine,  combustor  life  predictions  were 
based  on  measured  metal  peak  temperature  rise  and  oraok  propagation  rates.  In  the  FI 01 
predictions  the  combustor  was  operated  at  sealed  oonditions  and  an  attempt  made  to 
correct  these  to  true  operating  pressure  oonditions.  Near-to-alr-entry-hole 
corrections  were  then  applied  and  entered  into  a  stress  analysis  program.  The 
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resultant  stresses  were  then  used  with  the  material  low-cycle  fatigue  properties  to 
predict  cycle  life  to  first  crack  initiation  which  has  been  shown  from  engine 
experience  to  be  proportional  to  liner  life.  In  each  case  the  change  in  fuel  hydrogen 
content  from  14.5  to  13.0  reduced  the  predicted  liner  life  to  about  50%. 

In  an  investigation  (3)  on  the  TF41  cannular  type  engine,  rig  results  showed  that 
the  fuel  composition  had  an  effect  on  the  combustion  liner  barrel  temperature  (Fig. 

10).  However  in  this  engine  combustor  peak  metal  temperatures  occur  on  the  discharge 
nozzle  inner  wall.  This  peak  metal  temperature  is  dependent  on  liner  pattern  factor 
which  had  no  correlation  with  fuel  properties.  Hence  it  was  not  surprising  that  peak 
liner  temperature  (and  therefore  combustor  life)  did  not  correlate  with  any  fuel 
property  change. 

In  actual  use,  one  U.S.  airline  reported  (4)  that  it  has  not  found  any 
deterioration  in  hot  section  life  operating  totally  on  Californian  fuels  (aromatic 
content  in  the  reportable  range  of  22-25%)  as  compared  to  the  average  fuels  with 
aromatic  contents  averaging  17$. 

Thus  the  effects  of  fuel  property  changes  can  be  seen  to  be  dependent  on 
particular  engine  design  and  can  be  modified  by  further  developments  in  film  cooling 
and/or  wall  insulation  techniques  to  meet  the  challenge  to  combustor  life. 

3.  Viscosity  &  Volatility  (reviewed  by  Q.  Winterfeld  (2)). 

The  influence  of  Increasing  the  kinematic  viscosity  of  the  fuel  is  to  increase  the 
mean  droplet  diameter  in  the  spray.  The  amount  of  the  increase  depends  on  the  method 
of  atomization.  For  Instance  a  fuel  with  the  maximum  allowed  by  the  AGARD  Research 
Fuel  of  12  cSt  at  -20*C  would  have  a  viscosity  of  about  3  oSt  at  +20*C.  The 
atomization  of  this  fuel  in  a  pressure  swirl  atomizer  would  result  in  droplets  which 
are  roughly  15$  larger  than  with  Jet  A-1  (Fig.  11).  If  the  corresponding  deterioration 
of  combustion  characteristics  is  to  be  avoided  the  viscosity  effect  can  only  be 
compensated  for  by  an  increase  in  the  atomizer  pressure  difference  of  about  30$.  Since 
the  effect  la  greater  at  lower  temperatures  (Fig.  11)  altitude  relight  problems  would 
be  seriously  aggravated  unless  this  higher  pressure  is  available. 

A  similar  effect  of  viscosity  is  observed  with  air  blast  atomizers  but  is  markedly 
lower  showing  that  they  are  better  suited  to  atomize  higher  boiling  more  viscous  fuels. 

The  volatility  of  the  fuel  also  has  an  effect  on  combustion  and  Ideally  a  fuel 
with  a  higher  boiling  range  should  have  smaller  droplet  sizes  to  compensate  for  the 
lower  volatility  to  keep  combustion  conditions  constant.  The  increase  in  pressure 
drop  across  a  pressure  swirl  atomizer  to  maintain  constant  evaporation  times  between 
Jet  A  and  AGARD  Research  Fuel  at  average  engine  operating  temperatures  would  be  of  the 
order  of  90$.  Because  of  the  temperature  dependence  of  kinematic  viscosity,  for  a 
cold  start  at  -10*C  the  pressure  Increase  required  to  keep  conditions  constant  would  be 
about  150$.  The  increase  in  pressure  drop  across  the  nozzle  at  constant  fuel  flow 
means  that  the  flow  number  of  the  nozzle  must  also  be  changed  to  a  smaller  size 
destroying  the  possibility  of  a  multi-fuel  engine.  It  appears  that  this  requirement 
may  be  met  by  a  spill-type  nozzle  although  few  data  have  been  published  on  the  quality 
of  sprays  from  this  type  of  nozzle. 

Air-assist  type  of  nozzles  would  be  rather  better  than  straight  pressure  types  but 
the  Increase  in  pressure  drop  required  under  normal  operating  conditions  would  still  be 
40-45$.  Calculations  for  air-blast  nozzles  are  more  complicated  but  an  estimate  can  be 
made  that  pressure  drop  across  the  nozzle  and  hence  across  the  combustor  must  be 
increased  25-30$  to  accommodate  the  highest  viscosity  and  higher  boiling  range  of  the 
AGARD  Research  Fuel .  There  are  various  ways  In  which  this  might  be  overcome  such  as 
variable  geometry  in  air  flow  around  the  nozzle  (undesirable  in  a  high  temperature 
zone)  or  change  in  the  fuel  sheet  thickness  with  a  spill-type  fuel  supply  to  the  pre- 
filming  section. 

This  area  requires  further  Investigation  to  provide  multi-fuel  capabilities  for 
future  engines  if  they  are  to  be  capable  of  efficiently  coping  with  higher  viscosity 
lower  volatility  fuels.  If  such  injectors  can  be  developed  to  produce  constant 
evaporation  times  then  ignition  and  stability  (blow-off)  qualities  will  also  be 
preserved  since  the  chemical  properties  of  the  fuel  are  only  of  secondary  Importance. 

4.  Other  Fuel  Properties 

The  other  fuel  properties  likely  to  change  are  storage  and  thermal  stabilities  and 
freezing  point.  Storage  stability  and  freezing  point  are  of  importance  in  the  handling 
of  fuels  prior  to  introduction  into  the  engine  and  are  therefore  beyond  the  scope  of 
the  present  Symposium. 

Thermal  stability  (reviewed  by  A.B.  Peat  (2))  is,  however,  mainly  an  engine 
problem  in  that  it  is  in  the  engine  (heat  exohangers  and  fuel  lines  in  hot  areas)  that 
the  fuel  is  subjected  to  high  temperatures  and  the  consequences  of  deposits  in  heat 
exchangers  and  in  atomisers  can  seriously  affect  engine  operation.  Measurement  of  the 
thermal  stability  of  a  fuel  presents  problems  since  it  is  difficult  in  a  short 
laboratory  teat  with  a  small  quantity  of  fuel  to  reproduce  engine  oonditiona  with  large 
volumes  of  fuel  and  differences  of  temperature  levels  and  resldenoa  times  at  these 
levels.  It  is  even  more  difficult  to  assess  the  possible  thermal  stabilities  of  future 
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fuels  because  of  the  dependency  not  only  on  the  general  chemical  composition  but  also 
on  small  quantities  of  reactive  components  and  traces  of  contaminants.  Since  future 
fuels  will  contain  cracked  components  and  larger  quantities  of  heterocyclic  compounds 
containing  nitrogen  and  sulphur  In  particular,  the  trend  will  certainly  be  towards 
lower  temperature  break  points  and  more  rapid  deposit  build-up. 

There  are  two  possible  approaches  to  alleviating  these  problems.  On  the  engine 
manufacturer's  side  It  may  be  possible  to  minimize  both  the  temperatures  to  which  the 
fuels  are  exposed  and  their  residence  time  at  these  temperatures  In  spite  of  the 
general  increases  in  engine  environmental  temperatures  associated  with  more  efficient 
higher  pressure  ratio  engines.  There  may  also  be  some  scope  for  redesign  of  components 
to  make  them  less  vulnerable  to  malfunction  due  to  deposits.  On  the  fuel  side  it  is 
Important  to  Investigate  the  use  and  efficiency  of  Improved  refining  techniques  and  the 
use  of  additives  to  improve  the  thermal  stability  of  the  future  fuels  to  attain  a 
suitable  compromise  acceptable  to  the  engine  user. 

5.  Future  Fuels 

During  the  time  allotted  for  AGARD/PEP  Working  Group  13  it  was  not  possible  to 
fully  investigate  the  future  supply/demand  situation  for  aviation  kerosine.  As  a 
result  Working  Group  16  was  established  to  Investigate  this  aspect.  The  situation  Is 
an  incredibly  complicated  one  made  worse  by  the  present  reduction  in  petroleum  product 
demand  which  Is  partly  due  to  the  economic  recession  and  partly  due  to  conservation 
inspired  by  Increased  cost  of  products.  This  is  therefore  probably  the  worst  time 
during  the  whole  petroleum  era  to  attempt  to  forecast  the  future. 

Nevertheless  Working  Group  16  is  attempting  to  do  this  using  a  very  flexible  LP 
computer  model  for  refineries  of  different  complexities  operating  on  the  crude  supplies 
generally  believed  to  be  available  In  the  next  twenty  years.  The  model  has  been 
developed  by  the  Exxon  Corporation  under  NASA  contract  and  Is  capable  of  being  up-dated 
in  the  future  as  conditions  change. 

The  study  has  been  spilt  Into  six  geographical  areas  covering  the  NATO  countries  - 
East  and  West  U.S.,  East  and  West  Canada,  and  North  and  South  Europe.  There  Is  a 
reasonable  similarity  between  the  crude  supplies  anticipated  for  Europe,  the  Eastern 
U.S.  and  Eastern  Canada.  The  Western  U.S.  Is  considerably  different  because  both 
Californian  and  Alaskan  North  Slope  crude  give  a  relatively  high  aromatic  aviation 
kerosine.  Western  Canada  is  also  different  because  of  the  two  tar  sands  plants  already 
operating  (supplying  about  10K  of  Canada's  total  crude  requirements)  and  other 
developments  planned.  The  aviation  kerosine  produced  from  the  product  of  one  of  the 
plants  is  around  20$  because  of  heavy  hydrogenation  of  this  stream  but  from  the  other, 
larger  plant  the  aromatic  content  Is  much  higher  and  the  amount  of  this  synthetic  crude 
which  can  be  blended  into  the  refinery  input  stream  is  severely  limited.  The  computer 
runs  should  be  completed  this  year  and  the  final  report  of  Working  Group  16  should  be 
available  late  In  1984.  Hopefully  this  will  give  some  better  indications  of  the  ways 
and  extent  In  which  specifications  may  have  to  be  relaxed  to  ensure  adequate 
economical  supply. 

Predictions  of  future  synthetic  crudes  from  the  various  areas  is  also  quite 
different  because  of  the  indigenous  materials  available.  Canada  will  probably  increase 
production  from  tar  sands  and  other  heavy  oils,  whilst  the  U.S.  first  choice  would  be 
shale  and  in  Europe,  coal.  It  is  generally  accepted  that  production  from  coal  either 
by  direct  liquefaction  which  has  not  been  tried  on  a  commercial  scale  or  via  synthesis 
gas  like  the  South  African  Sasol  plants  will  not  be  a  commercial  proposition  until  well 
into  the  21st  century.  Products  from  tar  sands  and  shale  are  more  expensive  than  crude 
oil  because  of  the  mining  operations  involved  as  well  as  the  more  severe  upgrading  to 
make  commercially  viable  fuels.  These  sources  are  however  much  more  economical  than 
coal  because  they  have  a  naturally  higher  bydrogen/carbon  ratio  and  the  economic 
penalty  can  be  rationalized  on  the  basis  of  security  of  supply  and  the  effect  on 
national  balance  of  payments. 

The  ERBS  fuel  (Table  1)  proposed  by  NASA  (5)  is,  in  the  authors'  view  a  very 
extreme  case  and  would  have  such  a  severe  effect  on  the  whole  system  of  fuel  handling, 
combustion,  engine  durability,  etc.  that  it  would  require  redesign  of  the  airframe  to 
allow  fuel  heating  and  drastic  changes  to  the  engine  to  overcome  problems  caused  by  the 
high  aromatic  content  and  high  viscosity.  On  the  other  hand  the  AGARD  Research  Fuel, 
allowing  down  to  13.0  per  cent  hydrogen  corresponding  to  roughly  28-30$  aromatics  is 
still  believed  to  be  compatible  with  present  elastomers  used  in  fuel  systems  and  to  be 
acceptable  in  engines  with  some  degree  of  increased  maintenance  of  hot  section 
components.  The  freeze  point  of  AGARD  Research  Fuel  was  set  at  -30 *C  max.  in  order  not 
to  inhibit  production  of  experimental  blends  for  combustion  studies  but  we  believe  that 
for  practical  fuels  the  freeze  point  should  be  maintained  at  -40*C  (as  in  Jet  A)  and 
-47*C  (as  in  Jet  A-1)  depending  on  location,  length  of  flights  etc.  This  would  prevent 
the  problems  involved  in  retrofitting  existing  alroraft  with  fuel  heaters  and  the 
weight  and  energy  penalties  associated  with  heaters  even  in  new  designs.  This  freeze 
point  will  also  ensure  that  fuels  can  inorease  only  marginally  in  visoosity  and  there¬ 
fore  that  engines,  particularly  atomizers,  will  not  require  major  changes.  Any  flight 
patterns,  particular  aircraft,  etc.  which  preclude  this  fuel  because  of  freeze  point 
can  use  Jet  B  or  make  special  arrangements  for  a  low  freeze  point  kerosine  produced 
from  selected  crudes.  These  special  arrangements  are  already  made  in  some  areas  for 
long  over-the-pole  flights  and  are  restricted  to  relatively  small  volumes  of  fuel. 


A  fixed  value  of  flash  point  minimum  throughout  the  free  world  has  always  appeared 
rather  an  anomaly  since  it  is  used  as  a  measure  of  safety  in  handling  the  fuel.  But 
the  figure  of  lOO'F  or  38*C  was  chosen  as  giving  a  reasonable  margin  of  safety 
(10-15‘F)  above  the  highest  indoor  normal  living  space  temperatures  in  temperate 
climates  and  bears  little  relationship  to  fuelling  temperatures  in  either  tropical  or 
arctic  areas.  Extensive  measurements  throughout  Canada  (6)  have  shown  that  fuel 
temperatures  do  not  exceed  30*C  even  at  our  warmest  airport  (Windsor)  under  the  most 
adverse  conditions  (refuelling  vehicles  standing  in  direct  sunlight).  By  contrast 
there  must  be  tropical  airports  where  the  fuel  is  continually  being  handled  above  its 
flash  point.  Only  the  strict  airfield  fuel  handling  rules  where  all  fuels  -  kerosine, 
wide-cut  and  gasoline  -  are  treated  as  flammable  minimizes  the  dangers  involved.  Since 
aircraft  are  highly  mobile  moving  rapidly  from  one  climatic  condition  to  another  and 
the  fuel  flash  point  regulations  are  usually  locally  controlled  and  administered  it 
would  be  a  huge  task  to  effect  changes  where  only  kerosine  type  fuel  has  previously 
been  handled.  But  it  does  seem  peculiar  that  one  of  the  specification  limits  which 
obviously  influences  availability  has  so  little  relevancy  in  the  real  world. 

6.  Conclusions 

It  is  not  possible  to  improve  on  the  conclusions  of  the  Working  Group  13  Report 
which  said:- 


Increasing  shortages  of  suitable  crude  feedstocks  and  the  threat  of  disruptions  in 
supply  due  to  world  economic  and  potential  international  conflicts  may  require  a 
broadening  of  current  jet  fuel  specifications  to  improve  availability  and  to  allow, 
at  minimum  cost  and  maximum  energy  efficiency,  the  use  of  feedstocks  from  alternative 
sources  including  heavy  petroleum  crudes,  tar  sands,  oil  shale  and  coal.  To  prepare 
for  an  uncertain  future  in  Jet  fuel  quality  and  availability,  research  is  needed  to 
more  fully  understand  the  effects  of  varying  fuel  properties  on  engine  and  aircraft 
fuel  system  performance,  reliability  and  durability  and  to  build  the  technology  base 
that  would  allow  greater  fuel  flexibility  in  future  aircraft.  Since  current  production 
engines  will  still  be  in  service  at  the  turn  of  the  century,  research  and  advanced 
technology  to  accommodate  possible  future  fuels  must  include  oost-effectiveretrof it 
options  for  current  production  aircraft  as  well  as  new  engine  and  aircraft  fuel 
systems . 

It  is  encouraging  to  survey  the  other  30  papers  to  be  presented  at  this  Symposium 
and  see  that  all  the  problems  outlined  are  the  subject  of  a  great  deal  of  work 
throughout  the  NATO  community  with  contributions  from  Industry,  government,  and 
university  covering  theoretical,  computer  modelling  and  practical  aspects.  With  this 
continuing  effort  we  should  at  least  have  some  of  the  answers  -  and  few  surprises  -  in 
fuel/engine  interactions  in  future  years. 
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Table  1 :  Relevant  Fuel  Specification  Requirements 
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.  1:  Routes  for  Carbon  Formation. 
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Pig.  2:  The  Approxlnate  Relationship  between 

Oraviaetric  Exhaust  Carbon  and  Several 
Instruaent  Techniques. 
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Fig.  7:  Effect  of  Fuel  Composition  on  Combustor  Wall  Fig.  8:  Effect  of  Fuel  Composition  on  Combustor  Wall 
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Fig.  9:  Effect  of  Fuel  Composition  on  Combustor 
Wall  Temperatures. 


1-13 


Fig.  10a:  Effect  of  Fuel  Composition  on  TF41  Combustor  Wall  Temperature 


Fuel  Composition  on  TF41  Combustor  Hall  Temperature. 
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KINEMATIC  VISCOSITY  AT  288K 


Fig.  11:  Effect  of  Temperature  and  Viscosity  on 
the  Sauter  Hean  Diameter  of  Fuel  Sprays 
from  Pressure  Swirl  Atomizers. 
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summary  AD-P003  128 

Current  aircraft  turbine  fuels  do  not  present  a  significant  problem  with  fuel  thermal  stability. 

However,  turbine  fuels  with  broadened  properties  or  nonpetroleum-derived  fuels  may  have  reduced  thermal 
stability  because  of  their  higher  content  of  olefins,  heteroatoms,  and  trace  metals.  Moreover,  advanced 
turbine  engines  will  increase  the  thermal  stress  on  fuels  because  of  their  higher  pressure  ratios  and 
combustion  temperature. 

In  recognition  of  the  importance  of  this  problem,  NASA  Lewis  is  currently  engaged  in  a  broadly-based 
research  effort  to  better  understand  the  underlying  causes  of  fuel  thermal  degradation.  -  The  progress  and 
status  of  our  various  activities  in  this  area  will  be  discussed  in  this  paper.  Topics -te~be  covered,  in¬ 
clude;  nature  of  fuel  instability  and  its  temperature  dependence!  methods  of  measuring  the  instability} 
chemical  mechanisms  involved  in  deposit  formation,'  and  instrumental  methods  for  characterizing  fuel  depos¬ 
its.  finally^  some  preliminary  thoughts  on  design  approaches  for  minimizing  the  effects  of  lowered  ther¬ 
mal  stabil1t^yiwilM>e  brief  ly  discussed. 

>  INTRODUCTION 

The  purpose  of  this  report  is  to  define  the  problems  associated  with  aircraft  fuel  instability,  review 
what  is  currently  known  about  the  problem,  describe  the  research  program  sponsored  by  NASA  Lewis,  and 
identify  those  areas  where  more  research  is  needed.  The  term  fuel  instability  generally  refers  to  the 
gums,  sediments,  or  deposits  which  can  form  as  a  result  of  a  set  of  complex  chemical  reactions  when  a 
fuel  is  stored  for  a  long  period  at  ambient  conditions  or  when  the  fuel  is  thermally  stressed  inside  the 
fuel  system  of  an  aircraft. 

Thermal  instability  was  first  identified  as  a  problem  in  aviation  turbine  engines  in  the  1950's. 

During  the  1960's,  early  studies  in  the  United  States  on  the  supersonic  transport  (SST)  gave  considerable 
attention  to  the  problem  of  fuel  instability,  because  in  this  SST,  the  fuel  was  to  be  used  as  a  heat  sink 
for  the  wing  surfaces  which  are  heated  aerodynamical ly.  It  is  generally  acknowledged  that  current  air¬ 
craft  turbine  fuels  do  not  present  a  significant  problem  with  regard  to  fuel  instability  for  current  sub¬ 
sonic  aircraft.  However,  turbine  fuels  with  broadened  properties  or  nonpetroleum-derived  fuels  (from 
shale,  tar-sands,  coal,  etc.)  may  have  reduced  thermal  stability  because  of  their  higher  content  of  ole¬ 
fins,  heteroatoms,  and  trace  metals.  (Heteroatoms  Include  nitrogen,  oxygen,  and  sulfur  atoms  contained 
in  organic  compounds.)  Moreover,  advanced  turbine  engines  may  increase  the  thermal  stress  on  fuels  be¬ 
cause  of  their  higher  pressure  ratios  and  combustion  temperatures.  Deposition  of  solids  within  the  fuel 
systems  of  aircraft  may  lead  to  fouled  heat  exchangers,  plugged  fuel  nozzles,  and/or  jammed  fuel  valves 
which  may  result  in  excessive  oil  temperatures  and  non-uniform  fuel  spray  patterns  which  could  cause  dis¬ 
torted  turbine  inlet  temperatures  (hot  spots). 

During  the  past  several  years  NASA  Lewis  has  been  engaged  in  a  research  and  technology  program  to 
determine  the  effects  of  broadened-property  fuels  on  engine  and  fuel  system  components  and  to  evolve  the 
technology  needed  to  use  these  fuels.  Broadening  fuel  properties  may  offer  the  potential  for  increasing 
the  refinery  yield  of  jet  fuel.  Moreover,  additional  energy  intensive  treatment  of  poorer  quality  crudes 
and  syncrudes  will  be  required  if  jet  fuel  with  current  properties  is  to  be  produced.  One  of  the  major 
problem  areas  that  must  be  addressed  is  fuel  instability  because  of  the  reasons  given  in  the  previous 
paragraph.  In  recognition  of  its  Importance,  NASA  Lewis  has  established  a  broadly-based  research  program 
to  better  understand  the  underlying  causes  of  fuel  thermal  degradation.  Our  in-house  research  is  sup¬ 
ported  by  grants  with  universities  and  contracts  with  industry.  The  progress,  status,  and  results  for 
these  various  activities  will  be  reviewed  and  discussed  in  the  report,  along  with  some  preliminary 
thoughts  on  design  approaches  required  to  minimize  the  effects  of  lowered  thermal  stability.  In  order  to 
place  the  NASA  Lewis  program  on  fuel  instability  in  its  proper  perspective,  we  should  point  out  that  simi¬ 
lar  research  programs  are  currently  being  sponsored  by  other  U.S.  Government  agencies,  particularly  the 
Department  of  Defense.  These  programs  have  made  significant  contributions  toward  the  understanding  of 
fuel  degradation  processes  and  effects.  However,  it  is  beyond  the  scope  of  this  report  to  discuss  these 
programs  in  any  detail,  and  they  will  only  be  mentioned  in  the  course  of  providing  background  for  the 
NASA-sponsored  program. 


NATURE  OF  INSTABILTY 

The  complex  chemical  and  physical  processes  involved  in  the  degradation  of  fuels  have  been  studied 
extensively.  The  early  work  was  covered  by  Nixon  in  a  comprehensive  review  published  in  1962  [1].  A 
thorough  literature  survey  which  included  reports  of  investigations  since  1962  was  recently  published  [2] 
by  the  Coordinating  Research  Council  (CRC),  and  Peat  has  summarized  the  major  aspects  of  fuel  thermal 
stability  in  a  current  AGARD  advisory  report  [3].  NASA  Lewis  sponsored  a  workshop  on  jet  fuel  thermal 
stability  in  1978  [4].  The  consensus  among  the  workshop  participants  concerning  what  is  Inown  about  the 
chemistry  and  physics  of  fuel  thermal  oxidation  stability  Included  the  following  points: 

The  initial  process  is  the  interaction  of  fuel  and  dissolved  oxygen. 

The  chemistry  involves  primarily  free  radical  reactions,  but  polymerization,  addition,  and  con¬ 
densation  reactions  are  also  Important. 

Deposit  formation  rate  depends  on  temperature  with  the  process  starting  at  approximately  100*  C. 

Deposit  rate  is  affected  by  fuel  flow  parameters  (velocity  and  Reynolds  number,  residence  time). 


The  amount  of  dissolved  oxygen  in  the  fuel  is  Important;  in  general,  removal  of  oxygen  signifi¬ 
cantly  improves  fuel  stability. 

Metals  have  a  significant  effect  on  deposit  formation,  with  copper  being  the  most  deleterious 
metal.  Both  homogeneous  effects  (dissolved  metals)  and  heterogeneous  (surface)  effects  have 
been  observed. 

Deposits  can  form  both  in  the  liquid  and  vapor  phases  with  the  presence  of  both  phases  causing 
the  greatest  amount  of  deposits. 

Nature  of  Chemistry  of  Instability 

The  thermal  decomposition  of  hydrocarbons  can  be  approximately  classified  into  three  temperature  re¬ 
gimes  as  follows: 

1.  Low  temperature  -  below  300*  C  -  decomposition  by  autoxidation 

2.  Intermediate  temperature  -  between  300  and  500*  C  -  decomposition  by  further  reactions  of  autox¬ 
idation  products  and  by  some  direct  pyrolysis  of  the  fuel  molecules  3.  High  temperature  -  above 
500’  C  -  decomposition  by  direct  pyrolysis  of  the  fuel 

The  first  two  of  these  temperature  regimes  are  operative  in  the  fuel  system  of  aircraft.  It  is  desirable 
to  understand  the  chemical  mechanism  or  mechanisms  involved  in  fuel  degradation  in  order  to  facilitate 
coping  with  the  problem  of  thermal  instability.  Because  deposit  formation  is  such  a  complex  process, 
this  can  best  be  done  by  first  obtaining  both  deposit  formation  and  chemical  kinetics  information  for 
less  complicated  systems,  namely  pure  hydrocarbons  and  binary  mixtures.  This  knowledge  can  then  be  ap¬ 
plied  to  the  more  complex  mixtures  in  practical  fuels.  One  of  the  first  studies  of  this  kind  was  reported 
in  1977  by  Hazlett  at  the  Naval  Research  Laboratory  [5].  He  used  a  jet  fuel  thermal  oxidation  tester 
(JFTOT)  connected  to  a  gas  chromatograph  to  study  the  thermal  decomposition  of  pure  n-dodecane  in  the 
presence  of  dissolved  oxygen.  (The  JFTOT  will  be  described  in  a  later  section  of  this  report.)  He  meas¬ 
ured  dissolved  O2  consumption  and  formation  of  the  stable  intermediate  hydroperoxide  ROOH  as  a  function 
of  temperature.  The  mechanisms  he  proposed  for  the  reactions  occurring  in  the  low  and  intermediate  tem¬ 
perature  regimes  are  presented  in  Fig.  1.  Reaction  1  indicates  the  abstraction  of  a  hydrogen  atom  from 
the  fuel  Rh  by  a  reactive  molecule  or  free  radical  X  to  form  the  reactive  alkyl  radical  R» which  then  re¬ 
acts  (reaction  (2))  with  O2  to  form  the  unstable  R02*peroxide  radical.  The  R02f reacts  mainly  by 
reaction  (3)  with  the  fuel  to  form  the  stable  hydroperoxide  ROOH  and  regenerate  the  alkyl  radical.  To  a 
much  smaller  extent  R02* undergoes  unknown  reactions  to  form  ultimately  the  harmful  solid  deposit  and 
sediment.  Hazlett  and  other  Investigators  have  shown  that  the  amount  of  deposit  formation  is  not  directly 
related  to  the  rate  of  primary  fuel  oxidation  at  low  temperatures,  even  though  the  oxidation  must  take 
place  in  order  for  any  solid  formation  to  occur.  Reactions  of  intermediate  oxidation  products  lead  to 
solid  formation,  and  these  reactions  are  not  understood  at  present. 

At  intermediate  temperatures  the  secondary  reactions  involve  the  decomposition  of  ROOH  (reaction  (5)) 
to  form  ketones,  alcohols  and  aldehydes  (reactions  (6)  -  (8)).  In  addition,  direct  pyrolysis  of  the  fuel 
molecule,  also  a  complicated  chemical  process,  starts  to  occur  as  shown  in  reaction  (9).  Isomerization 
and  decomposition  of  the  radicals  formed  by  pyrolysis  leads  to  olefin  formation.  It  is  dear  from  the 
complexity  of  this  partial  mechanism  for  a  pure  hydrocarbon's  decomposition  that  the  elucidation  of  the 
degradation  mechanism  for  a  practical  fuel  will  be  a  formidable  task  indeed. 

Deposit  Characteristics 

The  fuel  deposits  that  form  in  aircraft  fuel  systems  may  occur  as  soft  gums,  as  strongly  adhering 

lacquers  and  varnishes,  or  as  brittle  cokes  [3].  Studies  of  the  morphologies  of  these  deposits  [6,7] 

indicate  that  they  are  generally  an  agglomeration  of  microspheres,  although  plate  and  rod  forms  have  also 
been  observed.  Chemical  analysis  of  fuel  deposits  has  revealed  these  additional  general  characteristics: 
(1)  The  hydrogen /carbon  ratio  is  lower  in  the  deposits  than  in  the  original  fuel,  (2)  oxygen  concentration 
of  the  deposits  is  much  greater  than  in  the  thermally  unstressed  fuel,  and  (3)  other  heteroatoms  such  as 
nitrogen  and  sulfur  are  highly  concentrated  in  the  deposits,  with  concentrations  several  orders  of  magni¬ 
tude  higher  than  in  the  fuel  [3].  The  high  concentration  of  heteroatoms  in  the  deposits  relative  to  their 

concentrations  in  the  fuel  is  strongly  supportive  of  the  Importance  of  these  trace  organic  impurities  in 
the  deposit  formation  process.  The  lower  hydrogen/carbon  ratio  in  the  deposits  suggests  that  aromatic 
compounds  play  an  Important  role  in  deposit  formation. 

EVALUATION  OF  INSTABILITY 

Attempts  to  measure  the  amount  of  deposit  produced -by  a  fuel  under  a  given  set  of  conditions  have 
ranged  from  small-scale  glass  laboratory  devices  to  full-scale  fuel  system  simulators.  These  devices 
have  been  thoroughly  reviewed  In  ref.  2,  and  this  report  will  concentrate  on  the  American  Society  for 
Testing  and  Materials  (ASTM)  test  methods  for  evaluating  fuel  thermal  stability  and  on  the  larger  dynamic 
fuel  stressing  rigs  commonly  referred  to  as  laboratory  simulators. 

ASTM  Test  Methods 

The  first  standard  specification  test  for  fuel  thermal  stability  was  the  CRC  Fuel  Coker  Test  (ASTM 
D-1660)  which  was  designed  to  simulate  the  fuel  manifold  conditions  that  had  led  in  the  1950's  to  the 
first  operation  problems  caused  by  fuel  Instability  [8],  The  test  device  consists  basically  of  a  heated 
tube  around  which  fuel  flows  at  a  rate  of  4.S  liters/hr,  followed  by  a  heated  25  micron  filter  of  sintered 
stainless  steel.  The  former  simulates  the  engine’s  hot  fuel  lines,  and  the  latter  the  fuel  nozzles  and 
passages  where  fuel  deposits  and  sediments  could  be  trapped.  The  heated  tube  is  maintained  at  ISO*  C  and 
the  filter  at  204*  C,  with  a  system  pressure  of  1170  kPa  (150  psig).  Fuel  is  flowed  through  the  system 
for  5  hours.  A  fuel  is  rated  on  the  basis  of  color  change  on  the  heated  tube  and  on  pressure  drop  across 
the  filter. 

Because  of  some  difficulties  with  the  CRC  Coker,  primarily  large  sample  size,  low  operating  pressure, 
and  long  test  duration,  this  device  has  been  replaced  by  the  JFTOT  (ASTM  0-3241),  which  is  now  used  to 
determine  if  an  aviation  turbine  fuel  meets  the  current  thermal  stability  requirement.  A  schematic  of 


the  JFTOT  is  shown  in  Fig.  2.  A  small  aluminum  tube  is  heated  electrically  to  the  desired  test  tempera¬ 
ture,  and  fuel  from  the  reservoir  is  pumped  through  an  annulus  surrounding  the  tube,  out  through  a  test 
filter,  and  then  back  to  the  upper  portion  of  the  fuel  reservoir.  If  the  fuel  is  unstable,  deposits  will 

form  on  the  heated  tube,  and  any  particulates  formed  will  lead  to  an  increase  in  pressure  drop  across  the 

filter.  The  standard  JFTOT  procedure  consists  of  flowing  0.18  liters/hr  of  an  aerated  fuel  at  3447  kPa 
(500  psig)  nitrogen  gas  pressure  over  the  heated  tube  (260*  C)  for  2  1/2  hours.  The  amount  of  deposit  on 
the  tube  can  be  rated  either  visually,  on  a  scale  of  0  (no  deposit)  to  4  (heavy  deposit),  or  by  using  a 
tube  deposit  rater  (TOR)  that  operates  on  a  light  reflectance  principle.  The  visual  rating  is  the  method 
currently  called  for  by  ASTM  D-3241,  and  a  value  of  3  or  less  is  required  to  meet  the  current  specifica¬ 
tion  for  thermal  stability.  However,  the  TOR  is  frequently  used  In  fuels  research,  and  its  scale  ranges 
from  0  to  50,  with  a  value  of  12  to  13  generally  used  as  an  equivalent  criterion  for  passing  the  standard 
JFTOT  test.  In  addition  to  the  requirement  on  deposits,  the  ap  value  across  the  filter  must  not  exceed 

3.3  kPa  (25  torr)  by  the  end  of  the  2  1/2-hour  test  if  the  fuel  is  to  pass  the  test.  By  operating  the 

JFTOT  at  temperatures  other  than  260*  C,  the  temperature  at  which  a  fuel  just  fails  either  of  the  above 
tests  may  be  determined.  This  is  referred  to  as  the  "breakpoint  temperature"  and  is  used  to  compare  the 
thermal  stability  of  fuels. 

Tests  for  storage  stability  usually  involve  placing  the  fuel  in  a  small  container  and  aging  it  at 
temperatures  sufficient  to  accelerate  the  instability  process,  usually  80*  to  100*  C,  so  that  measurable 
deposits  are  produced  in  a  reasonable  time.  An  ASTM  procedure  (D873)  has  been  used  to  predict  storage 
stability.  Fuel  was  placed  in  an  oxygen  bomb  for  16  hours  at  100*  C.  However,  experience  showed  that 
any  fuel  which  passed  the  JFTOT  test  (breakpoint  less  than  260*  C)  always  passed  this  storage  test.  Be¬ 
cause  of  this,  the  specification  for  storage  stability  has  been  dropped  [3J. 

Laboratory  Simulators 

There  is  a  large  gap  between  the  operating  conditions  of  a  device  such  as  a  JFTOT  and  the  conditions 
to  which  fuel  is  subjected  in  an  actual  aircraft  fuel  system.  A  laboratory  simulator  is  an  apparatus 
designed  to  bridge  this  gap.  Important  parameters  such  as  inlet  temperature,  wall  temperature,  fuel  flow 
rate,  residence  time,  Reynolds  number,  pressure,  etc.  can  be  accurately  controlled  and  are  representative 
of  actual  engine  conditions.  A  schematic  of  a  laboratory  simulator  used  in  recent  thermal  stability  stud¬ 
ies  at  the  United  Technologies  Research  Center  (UTRC)  under  NASA  sponsorship  [9]  is  shown  in  Fig.  3.  Two 
closely  fitted  copper-beryllium  alloy  blocks  formed  the  flow  channel  which  had  a  cross-section  0.254  cm 
(0.10  in.)  high  by  2.84  cm  (1.12  in.)  wide.  Because  of  the  high  thermal  conductivity  of  this  alloy,  the 
wall  temperature  of  the  channel  was  very  uniform.  All  surfaces  were  plated  with  nickel  and  then  gold  to 
minimize  wall-material  effects.  Four  specimen  mounts  were  attached  along  the  length  of  the  test  section. 
Each  held  a  stainless-steel  disc  that  was  used  to  determine  deposit  formation  rate  by  weighing  the  test 
disc  on  a  microbalance  before  and  after  the  experiment.  Heating  was  accomplished  by  cartridge  heaters  in 
both  the  top  and  bottom  plates.  Pressure  atomizing  nozzles  were  used  to  control  the  flow  rate^and  to 
observe  any  degradation  in  flow  uniformity.  Test  temperatures  ranged  from  149*  to  399*  C  (300*  to  750*  F), 
test  pressures  from  690  to  2070  kPa  (100  to  300  psig),  and  fuel  flow  rates  from  2.14  to  21.4  grams/sec. 

A  laboratory  simulator  of  somewhat  similar  design  has  been  built  at  NASA  Lewis  for  in-house  research 
and  is  currently  being  checked  out.  The  entire  test  section  and  flow  system  were  constructed  of  stainless 
steel  to  avoid  any  possibility  of  accelerated  fuel  degradation  from  copper  materials.  The  NASA  facility 
also  has  space  for  four  test  specimens  for  each  experimental  run,  but  it  is  capable  of  a  wider  range  of 
operating  conditions  than  the  UTRC  simulator.  The  flat  specimens  provided  by  both  the  NASA  and  UTRC  simu¬ 
lators  are  significantly  easier  to  characterize  by  most  current  analytical  techniques  than  the  tubular 
deposits  produced  by  the  JFTOT  and  Fuel  Coker.  Because  of  this  advantage  for  a  flat  test  specimen,  NASA 
Lewis  has  modified  one  of  its  JFTOTs  for  use  with  a  flat  sample  holder  [10]. 

DESCRIPTION  OF  RESEARCH 

Research  on  fuel  instability  can  be  classified  into  two  general  types:  research  designed  to  under¬ 
stand  chemical  mechanisms  and  research  on  the  behavior  of  actual  fuels.  When  the  elucidation  of  chemical 
mechanisms  is  the  main  objective  of  the  research,  pure  compounds  or  "model  fuels"  made  up  of  a  mixture  of 
a  few  pure  compounds  are  usually  employed  in  order  to  simplify  the  chemistry.  Compounds  containing  heter¬ 
oatoms  or  trace  metals  are  then  added  in  small  amounts  to  determine  their  effects  on  fuel  stability. 

Other  research  efforts  concentrate  on  the  deposits  produced  by  actual  fuels  when  they  are  thermally 
stressed  under  controlled  conditions.  As  has  previously  been  discussed  in  this  report,  practical  fuels 
are  so  complex  and  contain  such  a  variety  of  trace  impurities  that  mechanism  studies  using  them  would  be 
extremely  difficult.  Common  to  both  these  types  of  research  is  the  need  to  characterize  the  resulting 
fuel  deposits.  A  variety  of  analytical  techniques  1$  required  to  provide  information  on  both  elemental 
and  molecular  composition.  NASA  Lewis'  current  work  on  fuel  stability,  both  in-house  and  under  grant  or 
contract  will  be  reviewed  according  to  these  three  categories  of  research. 

Chemical  Mechanism  Research 

A  modified  JFTOT  procedure  was  used  in  an  in-house  study  to  evaluate  deposit  and  sediment  formation 
for  four  aerated  pure  hydrocarbon  fuels  over  the  tube  temperature  range  150  to  450*  C  [11].  Stainless 
steel  heated  tubes  rather  than  the  usual  aluminum  tubes  were  used  to  permit  higher  test  temperatures  and 
to  increase  the  deposition  rate  and  thereby  reduce  test  time.  Four  fuel  types  were  studied:  a  normal 
alkane  (n-decane),  an  alkene  (l-hexene),  a  naphthene  (cyclohexane),  and  an  aromatic  (benzene).  Some  re¬ 
sults  from  this  study  are  shown  in  Fig.  4,  where  tube  deposit  amounts,  expressed  as  net  TOR  values,  are 
plotted  against  tube  position.  TOR  values  are  approximately  proportional  to  deposition  rate.  At  the 
lower  temperatures  of  150*  and  250*  C,  all  four  fuels  produced  only  small  amounts  of  deposit  during  the 
40  minute  run,  with  TOR  values  less  than  5.  At  350*  C  the  olefinic  fuel,  l-hexene,  formed  the  largest 
amount  of  deposit,  cyclohexane  the  second  largest,  with  the  other  two  fuels  forming  much  less  deposit. 

The  fact  that  l-hexene  formed  the  most  deposit  is  consistent  with  its  susceptibility  to  oxidation  and 
polymerization.  At  the  higher  temperatures  of  400*  and  450*  C  all  fuels  except  benzene  formed  large 
amounts  of  deposit,  with  TOR  values  of  40  to  over  50.  It  Is  not  surprising  that  benzene  formed  much  less 
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deposit  that  the  other  three  fuels.  This  can  be  attributed  to  the  benzene  aromatic  structure,  which  is 
highly  resistant  to  oxidation  fl?].  However,  substituted  benzenes  and  multi-ringed  compounds  are  general¬ 
ly  less  resistant  to  oxidation.  Sediment  formation  was  also  measured  in  these  experiments  and  is  shown 
in  Fig.  4  as  ap  in  kilopascals  (torr).  For  these  fuels  only  benzene  showed  any  significant  ap  increase. 
Thus  in  these  experiments,  the  aromatic  benzene  appears  to  form  considerable  sediment  but  very  little 
deposit. 

This  research  effort  utilizing  a  modified  JFTOT  to  thermally  stress  hydrocarbons  is  continuing.  Ef¬ 
fects  of  deoxygenation  and  pre-stressing  of  the  fuel  are  currently  under  investigation.  Liquid  and  gas 
chromatography  as  well  as  mass  spectrometry  will  be  used  to  determine  reaction  products,  including  chemi¬ 
cal  precursors  that  ultimately  lead  to'deposits,  in  an  effort  to  increase  our  understanding  of  the  decom¬ 
position  mechanisms  involved  in  the  fuel  degradation  process. 

Effects  of  Fuel  Nitrogen  -  We  have  already  mentioned  that  heteroatoms  such  as  nitrogen  that  are  present 
in  fuels  seem  to  be  concentrated  in  the  fuel  deposit.  A  number  of  experiments  have  been  carried  out  in 
which  a  fuel  is  spiked  with  small  amounts  of  nitrogen-containing  compounds  that  are  known  to  occur  in 
actual  fuels,  in  an  effort  to  determine  their  effect  on  fuel  deposit  rates.  Some  results  of  this  type 

experiment  based  on  data  from  ref.  13  are  shown  in  Fig.  5(a).  Deposit  rate  for  Jet-A  and  Jet-A  spiked 

with  O.I  percent  N  from  2,5  dimethylpyrrole  is  plotted  against  temperature.  It  is  clear  from  the  figure 
that  the  deposit  rate  for  the  spiked  Jet-A  is  dramatically  higher  at  a  given  temperature,  and  that  the 
increase  in  deposit  rate  with  temperature  is  also  considerably  greater.  In  Fig.  5(b)  the  breakpoint  tem¬ 
perature  for  Jet-A  and  Jet-A  spiked  with  0.01  to  0.1  percent  nitrogen  from  pyrrole  (a  single-ringed 
N-containing  compound)  and  indole  (a  double-ringed  N-containing  compound)  are  compared  [14].  Since  break¬ 
point  depends  on  the  rate  of  deposit  formation,  based  on  the  results  shown  in  Fig.  5(a),  one  would  expect 
a  reduced  breakpoint  for  the  spiked  fuels.  This  is  indeed  what  was  observed.  The  Jet-A  spiked  with  pyr¬ 
role  and  indole  have  breakpoint  temperatures  about  40*  C  and  about  20*  C  less  than  the  unspiked  Jet-A, 
respectively. 

Under  a  NASA  grant  with  the  Colorado  School  of  Mines,  Daniel  has  also  studied  the  effect  of  various 

organic  nitrogen  compounds  on  deposit  formation  in  both  Jet-A  and  a  simple  model  fuel  [15].  He  selected 

four  classes  of  nitrogen  compounds  for  study,  each  of  which  is  found  in  petroleum  and/or  synthetic  crudes: 
pyrroles.  Indoles,  pyridines,  and  quinolines.  The  effect  on  deposition  rate  as  a  function  of  the  amount 
of  nitrogen  added  is  shown  in  Fig.  6  for  the  four  parent  compounds.  In  this  figure,  the  amount  of  deposit 
(expressed  as  micrograms)  produced  in  168  hours  at  130*  C  is  plotted  against  parts  per  million  of  nitrogen 
added  to  Jet-A.  Pyridine  and  quinoline  both  show  a  large  increase  in  deposition  over  unspiked  Jet-A  and 
this  increase  is  strongly  dependent  on  concentration.  Conversely,  indole  and  pyrrole  exhibit  only  a  small 
enhancement  in  the  amount  of  deposit  produced,  and  the  increase  Is  only  slightly  concentration  dependent. 
Daniel  pointed  out  that  pyridine  and  quinoline  each  contain  a  nitrogen  atom  which  contributes  a  single 
electron  to  the  bonding  in  the  ring,  whereas  in  indole  and  pyrrole  the  nitrogen  atom  contains  an  unbonded 
electron  pair  which  enters  into  the  bonding  of  the  ring.  Based  on  these  results,  Daniel  suggested  that 
different  mechanisms  were  operative  in  the  two  cases.  The  results  of  this  figure  may  seem  somewhat  con¬ 
tradictory  to  those  of  Fig.  5(b)  where  pyrrole  and  indole  produced  a  significant  decrease  in  breakpoint 
temperature  when  used  to  spike  Jet-A.  It  should  be  noted  that  the  concentrations  shown  in  Fig.  5(b)  are 
100  to  1000  ppm  (0.01  to  0.1  percent)  nitrogen  versus  a  maximum  of  30  ppm  for  Fig.  6.  These  large  differ¬ 
ences  in  nitrogen  concentration  plus  the  approximately  100*  C  difference  in  deposition  temperature  may 
have  resulted  in  different  mechanisms  for  the  deposition  process  in  the  two  sets  of  experiments.  Nonethe¬ 
less,  because  of  the  complexity  of  the  degradation  process  and  the  presence  of  a  great  variety  of  trace 
impurities  in  fuels,  seemingly  contradictory  results  are  not  uncommon. 

Oxidation  Rates  and  Gum  Formation  -  In  an  ongoing  NASA-funded  research  contract  with  SRI-International , 
Mayo  has  been  studying  oxidation  and  deposit  precursor  formation  in  hydrocarbon  fuels.  His  present 
approach  involves  measuring  the  rates  of  oxidation  and  rates  of  gum  formation  in  an  effort  to  relate  fuel 
instability  to  the  types  of  hydrocarbons  and  trace  heteroatoms  present  in  the  fuels.  He  has  found  that 
the  trace  quantities  of  reactive  components  are  depleted  first  and  are  concentrated  in  the  resulting  gums. 
The  rate  of  oxidation  may  be  either  increased  or  decreased  by  these  minor  components.  Some  recent  results 
[16]  are  presented  in  Fig.  7.  Here,  the  oxygen  absorbed  by  n-dodecane  to  which  varying  amounts  of  indene 
have  been  added  is  plotted  against  oxidation  time.  The  amount  of  gum  formed  during  each  experiment  is 
also  shown.  Indene  is  known  to  have  a  much  faster  oxidation  rate  than  pure  (or  neat)  n-dodecane. 

However,  the  figure  shows  that  when  a  very  small  amount  (0.009  molar)  of  the  fast-oxidizing  indene  is 
added  to  the  slow-oxidizing  dodecane,  the  oxidation  rate  of  dodecane  is  retarded  rather  than  increased. 
From  a  simplistic  point  of  view,  one  would  expect  the  presence  of  indene  to  increase  dodecane's  oxidation 
rate.  In  fact,  the  oxidation  rate  for  the  indene-dodecane  mixture  does  not  exceed  the  oxidation  rate  of 
pure  dodecane  until  the  concentration  of  indene  is  increased  to  1  molar.  These  results  are  consistent 
with  results  found  by  Russell  many  years  ago  for  the  cooxidation  of  cumene  and  tetralin  [17].  It  should 
be  noted,  however,  that  although  the  addition  of  0.108  molar  indene  to  dodecane  slightly  reduces  the  oxi¬ 
dation  rate,  the  amount  of  gum  formed  is  increased  by  more  than  a  factor  of  50.  Since  gums  are  believed 
to  be  precursors  to  solid  deposits,  these  results  Illustrate  that  although  oxygen  plays  a  key  role  in 
deposit  formation,  the  rate  of  oxidation  does  not  directly  correlate  with  the  amount  of  deposit  formed. 

ESR  Studies  of  Fuel  Instability  -  An  electron  spin  resonance  (ESR)  spectrometer  responds  to  the  presence 
of  an  unpaired  electron  in  a  chemical  species.  Such  species  are  by  definition  free  radicals,  and  we  have 
already  pointed  out  that  the  chemistry  of  fuel  deposit  formation  involves  primarily  free  radical  reac¬ 
tions.  Thus,  an  ESR  spectrometer  capable  of  operating  at  high  temperatures  and  pressures  can  be  used  to 
directly  monitor  some  of  the  important  reactions  occurring  during  deposit  formation.  We  believe  that  the 
use  of  ESR  to  study  fuel  degradation  offers  the  potential  for  significantly  increasing  our  understanding 
of  the  reaction  mechanisms  and  kinetics  involved  in  this  complex  process.  Accordingly,  NASA  Lewis  has 
recently  entered  into  an  Interagency  Agreement  with  the  Oak  Ridge  National  Laboratory  (ORNL)  to  study 
free  radical  reactions  in  model  compounds  representative  of  constituents  of  jet  fuel  using  ESR. 

In  previous  research  at  ORNL  involving  coal  liquids,  Livingston  and  Zeldes  developed  a  flow  apparatus 
to  use  with  an  ESR  spectrometer  to  study  fluids  at  high  temperatures  and  pressures  [18].  Only  minor  modi¬ 
fications  to  this  apparatus  were  required  to  enable  work  on  fuel  thermal  stability  to  be  undertaken.  The 


flow  system  used  in  conjunction  with  the  ESR  spectrometer  is  shown  in  Fig.  8.  A  liquid  sample  contained 
in  a  reservoir  is  purged  with  helium  to  remove  dissolved  oxygen.  The  liquid  flows  to  a  positive  displace¬ 
ment  high  pressure  pump,  and  pressures  from  70  to  135  atm  were  used  with  a  flow  rate  of  1  ml/min.  There 
is  provision  for  injecting  a  gas  such  as  oxygen  at  high  pressure.  The  liquid  flows  through  a  silica  cap¬ 
illary  that  traverses  the  microwave  cavity  of  the  ESR  spectrometer  and  then  to  a  back  pressure  regulator 
where  the  system  pressure  is  set.  The  liquid  exiting  the  regulator  is  at  atmospheric  pressure  and  may  be 
recirculated  as  shown  in  Fig.  8  or  collected  without  recirculation  for  subsequent  analysis.  Thermal  pro¬ 
duction  of  radicals  is  achieved  by  heating  the  silica  capillary  with  air  that  has  been  heated  electrical¬ 
ly.  The  capillary  is  surrounded  by  a  vacuum  jacketed  silica  tube,  and  the  air  flows  in  the  annular  space. 
Radicals  are  also  produced  photolytical ly .  This  is  done  by  focusing  UV  from  a  500  W  high  pressure  mercury 
arc  onto  the  sample  within  the  capillary.  Photolysis  is  used  at  room  temperature  and  up  to  temperatures 
where  thermal  production  of  radicals  becomes  fast  enough  to  see  signals.  Typical  steady-state  concentra¬ 
tions  of  radicals  from  hydrocarbons  are  in  the  micromolar  region  with  mean  lifetimes  ranging  downwards 
from  typical  room  temperature  values  near  1  millisecond. 

A  wide  variety  of  model  compounds  is  being  examined  that  give  observable  spectra  at  temperatures  up 
through  the  intermediate  regime  (through  300*  C).  Compounds  include  n-dodecane,  aromatic  hydrocarbons, 
unsaturated  hydrocarbons,  and  spiking  agents.  Much  of  the  work  centers  upon  oxidizing  effects  and  in¬ 
cludes  the  use  of  peroxides  and  hydroperoxides  as  free  radical  initiators.  The  initial  phase  is  a  broadly 
based  exploratory  survey  to  search  out  major  reaction  pathways  that  will  subsequently  be  examined  in 
detail . 


Deposit  Formation  in  Practical  Fuels 

The  deposit  formation  rate  of  actual  fuels  is  usually  determined  in  a  flow  device  generally  referred 
to  as  a  laboratory  simulator.  Such  devices  are  also  capable  of  providing  relatively  heavy  deposits  on 
flat  test  specimens  which  are  more  easily  analyzed  and  characterized  than  JFTOT  tubes.  The  schematic  of 
a  laboratory  simulator  used  by  Vranos  under  contract  to  NASA  Lewis  was  described  previously  in  the  discus¬ 
sion  of  Fig.  3.  Vranos  has  used  this  apparatus  to  determine  the  thermal  stability  of  four  actual  hydro¬ 
carbon  fuels  under  conditions  representing  operation  of  an  aircraft  gas  turbine  engine  [9,  19].  Surface 
temperature  was  varied  from  149*  to  399*  C  (300*  to  750*  F)  for  fuel  flows  of  0.64  to  12.8  grams  per 
second  (0.75  to  15  gal /hr)  at  pressures  of  2040  kPa  (300  psig).  Test  times  varied  from  1  to  8  hours.  • 

The  rate  of  deposition  was  obtained  by  measurement  of  the  weight  gained  by  metal  discs  located  along  the 
channel  wall. 

Figure  9  shows  representative  results  for  the  four  fuels  using  stainless  steel  test  discs:  Jet  A, 
home  heating  oil,  a  straight  run  diesel  which  has  no  cracked  stock,  and  a  normal  diesel  which  has  a  large 
cracked  fraction.  Below  260*  C  (500*  F),  where  there  is  an  apparent  change  in  mechanism.  Jet  A,  straight 
run  diesel,  and  the  cracked  diesel  all  had  comparable  deposition  rates.  Above  260*  C,  Jet  A^had  the 
lowest  rate,  straight  run  diesel  somewhat  higher,  and  cracked  diesel  the  highest.  Up  to  260*  C  the  home 
heating  oil  had  the  highest  rate  while  above  260°  C  it  was  lower  than  the  cracked  diesel. 

The  effect  of  wall  material  was  determined  by  using  stainless  steel,  aluminum,  and  brass  test  discs. 
Stainless  steel  and  aluminum  gave  comparable  results  while  the  brass  specimens  gave  a  signif icant^increase 
in  deposition  rate.  Tests  were  also  conducted  in  a  static  reactor  at  temperatures  of  149*  to  427*  C  (300* 
to  800*  F)  for  times  of  15  minutes  to  2  hours.  Much  smaller  deposition  was  found,  indicating  the  impor¬ 
tance  of  fluid  transport  in  the  deposition  mechanism.  As-received  and  stressed  fuels  were  examined  by 
liquid  chromatography  in  an  attempt  to  detect  any  changes  in  fuel  composition  caused  by  the  heating.  It 
is  known  that  the  changes  being  sought  are  very  small  and  no  differences  were  found,  probably  due  to  the 
limits  of  detection  of  the  instrument. 

The  strong  temperature  dependence  of  deposition  rate  suggests  that  an  Arrhenius  plot,  log  of  deposi¬ 
tion  rate  versus  reciprocal  temperature,  might  correlate  the  data.  Figure  10  is  such  a  plot  by  Vranos 
[9]  of  his  earlier  data  for  Jet-A  at  two  different  flow  rates.  The  overall  activation  eneroy,  given  by 
the  slope  of  the  lines,  is  in  reasonable  agreement  with  some  previous  results  for  Jet-A  [20].  At  higher 
flow  rates,  the  deposit  rate  is  lower  at  the  same  wall  temperature,  yet  the  temperature  dependence,  or 
activation  energy,  is  approximately  the  same.  The  lower  deposit  rate  at  increased  flow  points  out  the 
importance  of  bulk-fluid  heating  and  homogeneous  reaction  effects  on  the  formation  of  deposits.  In  both 
cases,  the  magnitude  of  the  activation  energy,  which  is  much  less  than  that  for  typical  homogeneous  reac¬ 
tions,  suggests  a  surface-catalyzed  process. 

Additional  deposit-rate  studies  are  planned  for  the  NASA  laboratory  simulator  previously  described. 

In  addition,  this  simulator  along  with  the  NASA  JFTOT  modified  for  flat  test  samples,  will  be  used  to 
generate  deposits  for  detailed  chemical  and  physical  analysis. 

Deposit  Analysis 

Due  to  the  complex  and  Intractable  nature  of  the  deposits,  as  well  as  the  small  quantities  generally 
available  for  analysis,  the  detailed  molecular  structure  of  the  deposits  has  remained  largely  unknown. 
Recent  attempts  to  perform  detailed  characterization  of  the  deposits  have  involved  the  use  of  a  variety 
of  modern  analytical  Instrumental  techniques  which  are  listed  in  Table  I  along  with  a  brief  conment  about 
the  type  of  information  each  technique  is  capable  of  producing.  Each  technique  has  the  potential  to  pro¬ 
vide  a  portion  of  the  structural  information  sought,  but  each  has  specific  limitations  as  well.  Through 
in-house  research  efforts  and  sponsored  studies,  each  of  the  techniques  listed  is  or  will  soon  be  employed 
to  characterize  deposits  obtained  from  the  JFTOT  flat  sample  holder  and  the  NASA  thermal  stability  labora¬ 
tory  simulator  under  varied  but  carefully-controlled  conditions.  Both  well-characterized  commercial  fuels 
and  model  fuels  prepared  from  representative  pure  compounds  are  being  used.  To  provide  additional  infor¬ 
mation,  the  deposit  elemental  composition  will  be  determined,  and  studies  to  identify  deposit  precursors 
in  the  stressed  fuels  will  be  conducted.  A  combination  of  the  deposit  structural  information  provided  by 
the  techniques  described,  the  deposit  elemental  analysis,  the  stressing  conditions,  the  precursor  studies 
and  the  fuel  composition  will  yield  the  deposit  formation  mechanisms,  an  Identification  of  the  most  active 
fuel  components,  and  the  sensitivity  of  the  formation  rates  to  fuel  stressing  conditions.  These  results 


should  ultiirately  lead  to  deposit  prevention  through  the  knowledgeable  development  of  fuel  additives,  the 
types  and  levels  of  refinery  fuel  treatment  required,  and  future  fuel  system  designs. 

DESIGN  CONSIDERATIONS 

We  stated  In  the  introduction  that  in  the  future,  the  thermal  stability  of  fuels  may  be  lower  and  the 
thermal  stresses  to  which  they  are  subjected,  higher.  One  way  to  alleviate  this  problem  is  by  additional 
processing  at  the  refinery.  Another  is  for  the  airlines  to  decrease  the  operating  time  between  inspec¬ 
tions  or  component  removal  and  maintenance.  Either  of  these  approaches  might  be  prohibitive  in  terms  of 
increased  costs  to  the  airlines. 

The  most  cost  effective  approach  to  utilizing  fuels  of  reduced  thermal  stability  in  new,  higher  effi¬ 
ciency  engines  is  to  incorporate,  in  the  design  stage,  components  and  designs  tolerant  to  variations  in 
this  fuel  property.  It  is  beyond  the  scope  of  this  report  to  discuss  in  any  detail  the  types  of  design 
changes  that  might  be  required,  but  a  few  coiiments  are  appropriate. 

In  contracted  analytical  studies  with  NASA  Lewis,  General  Electric  and  Lockheed  California  have  been 
analyzing  and  assessing  advanced  fuel  system  concepts.  Both  contractors  have  identified  thermal  stability 
and  freezing  point  as  the  two  most  important  fuel  properties  affecting  fuel  system  performance.  They 
both  have  studied  advanced  fuel  systems  capable  of  using  a  fuel  with  a  breakpoint  temperature  of  about^ 
205’  C,  considerably  below  the  current  specification  for  thermal  stability  (breakpoint  of  at  least  26D* 

C).  Although  the  final  results  for  these  two  studies  are  not  yet  available,  the  advanced  concepts  under 
consideration  include  the  following  approaches  to  reducing  heat  load  on  the  fuel  after  it  leaves  the  fuel 
tank;  (1)  relocate  valves  to  lower  temperature  environment  and  use  low  ap  nozzles  which  permit  larger 
injector  ports,  (2)  use  variable  displacement  pumps  instead  of  the  current  gear  type  to  reduce  pump  heat 
rejection  to  the  fuel,  (3)  reject  lubricating-oil  heat  to  the  bulk  of  the  fuel  in  the  fuel  tanks  rather 
than  to  the  much  smaller  amount  of  fuel  metered  for  the  combustor,  and  (4)  improve  the  thermal  tolerance 
of  fuel  nozzles  and  fuel  lines  exposed  to  high  heat  load  by  using  heat  shields,  insulation,  and/or  cooling 
air.  While  concepts  such  as  these  may  potentially  allow  the  use  of  fuels  with  reduced  thermal  stability, 
none  of  these  concepts  has  been  verified  experimentally.  Some  additional  words  of  caution  are  in  order. 

At  a  workshop  held  at  NASA  Lewis  [21],  it  was  pointed  out  that  heat  shield  and  insulation  devices  designed 
to  reduce  heat  soak-back  to  fuel  nozzles  might  reduce  the  aerodynamic  efficiency  of  air-blast  nozzles. 

This  would  adversely  affect  the  atomization  quality  of  the  fuel  spray  which  is  already  an  area  of  concern 
with  alternative  fuels.  This  example  indicates  that  we  must  be  wary  of  interaction  effects  when  changing 
the  design  of  fuel  systems. 


CONCLUDING  REMARKS 

Although  fuel  instability  is  not  a  serious  problem  for  current  fuels  and  aircraft,  it  could  well  be  a 
major  problem  in  the  future  because  of  the  possible  deterioration  of  the  quality  of  petroleum  crudes  and 
the  use  of  syncrudes.  The  problem  could  be  exacerbated  by  the  Increased  thermal  stress  that  will  probably 
be  encountered  in  advanced  turbine  engines.  We  have  tried  to  show  in  this  paper  that  the  instability  of 
aircraft  fuel  is  an  extremely  complex  problem,  with  experimental  investigations  yielding  results  that 
sometimes  appear  to  be  contradictory.  Although  a  great  deal  of  work  has  been  done  to  understand  the  mech¬ 
anisms  of  deposit  formation,  deposit  composition,  the  role  of  trace  impurities,  and  the  effects  of  fuel 
instability  on  airframe  and  engine  fuel  systems,  much  work  remains  to  be  done.  It  is  anticipated  that  an 
increased  understanding  of  fuel  instability  will  lead  to  methods  for  minimizing  deposit  formation  or  of 
ameliorating  its  effects  on  fuel  systems. 

There  is  another  potential  benefit  from  an  increased  understanding  of  the  fuel  degradation  process 
which  is  related  to  fuel  processing.  Petroleum  refineries  currently  do  not  use  any  specific  processing 
treatment  to  control  the  thermal  stability  of  jet  fuel,  although  selective  chemical  additives  (anti¬ 
oxidants)  are  frequently  used  to  Improve  storage  stability.  The  desired  level  of  thermal  stability  is  a 
by-product  of  the  other  processing  the  fuel  must  undergo  in  order  to  meet  other  specifications.  This 
practice  will  probably  not  be  satisfactory  for  alternative  fuels  because  of  reasons  already  stated. 
However,  a  fundamental  knowledge  and  understanding  of  the  fuel  degradation  process  will  probably  provide 
value  insight  as  to  what  type  or  types  of  additional  processing  should  be  undertaken  to  Improve  the  ther¬ 
mal  stability  of  the  resulting  fuel. 

Although  there  are  many  facets  of  the  fuel  instability  problem  that  need  to  be  explored,  it  is  the 
authors'  opinion  that  additional  research  with  the  following  objectives  will  lead  to  significant  benefits 
in  understanding  and  dealing  with  fuel  instability: 

-  Establish  the  roles  and  degree  of  Importance  of  fuel  hydrocarbon  type  and  trace  contaminants  in 
determining  fuel  instability. 

-  Compare  rates,  morphologies,  and  compositions  of  deposits  produced  via  simulators  with  actual  depos¬ 
its  produced  in  an  engine  fuel  system. 

-  Evolve  a  model  which  will  predict  fuel  deposition  rates  in  an  actual  engine  fuel  system  based  on 
input  from  laboratory  simulators. 

-  Establish  the  relationship  between  storage  deposits  and  thermal  deposits.  Are  the  mechanisms  the 
same,  precursors  the  same? 

-  Determine  the  effectiveness  of  additives  (anti-oxidants,  free-radical  scavengers,  dispersants)  for 
improving  fuel  stability  as  well  as  their  interactions  with  each  other  and  fuel  components. 

-  Experimentally  evaluate  conceptual  fuel  system  components  and  fuel  Injectors  that  reduce  exposure 
to  thermal  stress  and  are  more  tolerant  to  small  amounts  of  deposition. 
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Figure  5.  -  Effect  of  fuel  nitrogen  content  on  thermal 
stability. 
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Figure  6.  -  Effect  of  added  nitrogen  concentration  on  deposit 
rate  at  130°  C. 
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Figure  9.  -  Deposition  rate  of  various  fuels. 
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Figure  10.  -  Arrtienius  plot  of  deposit 
rate  in  Jet  A. 


DISCUSSION 


D.Snape,  UK 

Given  a  sample  of  a  fuel  deposit,  what  if  any  means  are  there  of  differentiating  between  the  two  principal 
deposition  mechanisms,  i.e.  gas  phase  and  liquid  phase? 

Author’s  Reply 

I  am  not  aware  that  any  laboratory  can  predict,  with  any  degree  of  confidence,  the  type  of  mechanism  (i.e,  liquid 
phase  or  vapour  phase)  involved  in  the  formation  of  deposits  based  solely  on  the  morphology  of  the  deposit.  I 
am  quite  certain  that  our  laboratory  at  NASA-Lewis  does  not  have  this  capability.  Such  a  capability  might  well 
be  useful  in  diagnosing  deposition  problems  in  actual  aircraft  fuel  systems.  However,  one  must  keep  in  mind  that 
a  deposit  may  undergo  marked  morphological  changes  following  its  initial  deposition  due  to  exposure  to  subsequen 
thermal  stressing. 
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Abstract 


A  heated-*tube  apparatus  was  used  to  evaluate  the  deposit  formation  rates  of  four  liquid  hydro- 
carbon  fuels  and  to  determine  the  effect  fuel  deposits  have  on  the  heat  transfer  characterist ics  of 
aircraft  gas  turbine  fuel  systems.  The  fuels  tested  were:  a  low-  aromatic  JP-3,  a  blend  of  80  percent 
JP-3  and  20  percent  hydrocracked  gas  oil,  a  blend  of  30  percent  JP-3  and  30  percent  No.  2  heating  oil, 
and  a  shale  derived  JP-3.  Deposit  formation  rates  ranging  from  10  wg/cm^  hr  to  3000  pg/cm^  hr  were 
obtained  at  tube  wall  temperatures  ranging  from  480  K  to  800  K,  with  peak  formation  rates  occurring  at 
initial  surface  temperatures  of  644  K  to  672  K.  Results  indicate  that  deposit  formation  rate 
correlates  very  well  with  initial  surface  temperature  and  the  thermal  stability  rankings  derived  from 
present  experimental  results  agree  very  welt  with  rankings  based  upon  independent  JFTOT  analysis.  The 
deposit  thermal  resistance,  as  calculated  from  heat  transfer  measurements,  correlates  well  with 
measured  deposit  quantity  and  thickness.  Heat  transfer  analyses  indicate  that  the  deposit  thermal 
conductivity  increases  with  increasing  deposit  thickness,  and  ranges  from  values  approximating  the 
thermal  conductivity  of  the  fuel  to  values  approaching  that  of  amorphous  carbon. 


Nomenclature 


A  inner  surface  area  of  clean  tube 
A'  deposit  inner  surface  area 

D  tube  inner  diameter 

Dq  Cube  outer  diameter 

o'  inner  diameter  of  deposits 

h  clean  tube  convective  heat  transfer  coefficient 

h*  convective  heat  transfer  coefficient  subsequent  to  start  of  test 

k  fuel  thermal  conductivity 

deposit  thermal  conductivity 
k^  tube  wall  thermal  conductivity 
L  tube  length 

Nu  Nusselt  number 

P  fuel  pressure 

AP  pressure  drop  across  tube 

Pr  Prandtl  number 

Q  heat  flux 

Q'  heat  generation  per  unit  volume 

Re  Reynolds  number 

T^  bulk  fuel  temperature 

T^  tube  inner  wall  temperature 

T  tube  outer  wall  temperature  at  time  *  0 

t  deposit  thickness 

U  overall  heat  transfer  coefficient 

V  tube  entrance  velocity 

T  test  duration 

Introduction 

In  recent  years,  increased  attention  has  been  directed  toward  the  effective  utilisation  of  alter¬ 
native  fuels  in  aircraft  gas  turbines.  New  fuel  blends  derived  from  crude  oil,  coal  liquids,  or  shale 
oil  require  careful  study  prior  to  effective  implementation,  since  significant  deviations  from  conven¬ 
tional  fuel  specifications  may  occur.  An  important  area  of  concern  that  is  directly  impacted  by  devia¬ 
tions  in  fuel  specification  is  that  of  fuel  thermal  stability.  Changes  in  fuel  composition  which  may 
be  detrimental  to  thermal  stability  are  likely  to  include  a  higher  fraction  of  aromatics  and  olefins  as 
well  as  increased  concentrations  of  minor  species  such  as  sulfur,  nitrogen,  and  trace  metal  contami¬ 
nants.  Furthermore,  higher  pressure  ratio  engines  and  flight  at  supersonic  speeds  result  in  increased 
heat  fluxes  and  higher  thermal  loadings  on  the  fuel  systems,  and  can  lead  to  the  production  of  insol¬ 
uble  deposits  in  the  fuel.  Thus,  Che  potential  for  increased  thermal  loading  and  significant  devia¬ 
tions  in  fuel  specifications  make  fuel  thermal  stability  a  potentially  serious  problem. 

Hydrocarbon  fuel  thermal  stability  has  been  investigated  for  many  years  by  nua^rous  authors^*^^. 
The  rate  of  deposit  formation  on  heated  surfaces  has  been  found  to  vary  with  temperature  in  a  unique 


7  17  9 

matter  ’  *  *  characterized  by  a  rapid  increase  with  increasing  surface  temperature,  up  to  approxi¬ 
mately  670  K,  followed  by  a  rapid  decrease  and  yet  another  more  gradual  increase  as  the  reaction 
mechanism  shifts  from  oxidation  controlled  to  pyrolysis  controlled.  In  addition  to  surface  tempera¬ 
ture,  previous  studies  have  sho%m  that  fuel  deposition  is  a  function  of  fuel  composition,  fuel  tempera¬ 
ture,  fuel  pressure,  and  velocity.  While  there  is  presently  only  a  limited  understanding  of  the 
mechanisms  involved  in  deposit  formation,  it  is  generally  believed  that  deposits  are  produced  by  free 
radical  autoxidation  of  hydrocarbon  molecules.  Although  questions  regarding  the  mechanisms  involved 
during  deposit  formation  still  remain,  it  is  generally  believed  that  deposit  precursors  produced  by 
oxidation  of  the  fuel  are  condensed  out  of  the  fuel  in  a  stepwise  manner^.  Except  for  recent  investig¬ 
ations^*^  little  effort  has  been  directed  toward  evaluating  the  effects  of  fuel  deposits  on  the  fuel 
system  heat  transfer  characteristics.  Because  of  the  number  of  factors  influencing  hydrocarbon  decomp- 
position,  determination  of  the  useful  heat  sink  capacity  (or  temperature  limits)  for  a  specific  fuel 
should  be  made  at  the  conditions  of  planned  application.  While  a  standardized  coker  test  yields  a 
direct  comparison  with  a  fuel  specification,  it  does  not  provide  data  for  design  of  a  new  fuel  applica¬ 
tion.  Such  data  can  only  be  obtained  by  evaluating  decomposition-deposition  characteristics  at  condi- 
c ions  simulating  the  desired  application.  Consequently,  an  experimental  investigation  was  undertaken 
using  a  newly  developed  methodology  for  evaluating  the  thermal  character  of  alternate  fuels  whose 
properties  may  be  representative  of  changes  in  the  properties  of  future  fuels.  Specifically,  this 
characterization  relates  the  evaluation  of  the  fuel  thermal  stability  to  the  deposit  heat  transfer 
characteristics  at  conditions  representative  of  the  engine  application. 

Fuel  Selection  and  Characterization 


The  purpose  of  this  study  was  to  investigate  the  deposit  formation  of  several  fuels  thought  to 
have  a  relatively  wide  range  of  thermal  stability  and  to  relate  how  deposit  formation  impacts  heat 
transfer  characterist ics  and  pressure  losses  within  tubes.  The  detailed  chemistry  of  the  deposit  for¬ 
mation  mechanisms  was  considered  beyond  the  scope  of  the  present  effort.  Therefore,  no  attempt  was 
made  to  systematically  vary  fuel  composition.  However,  four  fuels  whose  compositions  were  thought  to 
span  a  wide  range  of  thermal  stability  were  selected  for  evaluation.  These  fuels  were:  a  low-aromatic 
JP-5,  a  shale-derived  JP-5  with  nitrogen  compounds  partially  replaced  (NAPC-14),  a  mixture  of  80  per¬ 
cent  JP-5  and  20  percent  hydrocracked  gas  oil  (NAPC-7),  and  a  mixture  of  50  percent  JP-5  and  50  percent 
No.  2  heating  oil  (NAPC-ll).  A  tabulation  of  selected  properties  of  the  fuels  tested  is  presented  in 
Table  1.  Note  that  the  JFTOT  taerraal  stability  analyses  performed  subsequent  to  testing  indicated  that 
the  JP-5  fuel  sample  failed  th<  pressure  drop  criterion. 


Table  1  Selected 

propert ies 

of  test 

fuels 

JP-5 

NAPC-7 

NAPC-1 1 

NAPC-14 

Aromatics  (vol.  Z) 

14.99 

32.57 

21 .6 

24 

Olefins  (vol.  2) 

0.79 

0.86 

1 .1 

1  .6 

Sulfur  (wt.  X) 

0.005 

0.047 

0.07 

0.002 

Nitrogen  (ppm) 

neg 

57 

33 

2.6 

API  Gravity  (at  288  K) 

41.8 

35.6 

39.6 

43.7 

Distillation  (K) 

IBP 

454 

466 

460 

457 

lOX 

472 

477 

478 

466 

20% 

476 

482 

486 

469 

50Z 

490 

499 

5-6 

478 

90Z 

516 

545 

567 

504 

EP ,  max 

534 

561 

577 

530 

JFTOT  Thermal  Stability 

Breakpoint  Temperature  (K) 

544 

533 

516 

541 

&P  (2SmniHg)  Failure  Temp  (K) 

522* 

>533 

>516 

>541 

*faLls  specification 

Test  Facility  and  Experimental  Procedure 

Deposit  formation  experiments  were  conducted  under  steady  flow  condition#  in  an  apparatus  contain¬ 
ing  a  single  resistance-heated  tube  which  was  insulated  frcm  the  surroundings.  The  apparatus,  shown 
schematically  in  Fig.  I,  was  capable  of  continuous  unattended  operation  and  consisted  of  the  following 
major  components:  (Da  275-gal  fuel  supply  equipped  with  an  air  sparging  system  to  ensure  that  the 
fuel  was  air  saturated,  (2)  a  fuel  delivery  system  consisting  of  a  fuel  pump  capable  of  supplying  fuel 
at  pressures  up  to  66  atm  and  associated  filters  to  remove  solid  particulate  contaminants  larger  than 
2  um,  (3)  a  high-pressure<*drop  orifice  to  render  the  fuel  eupply  insensitive  to  pressure  changes  in  the 
test  apparatus,  (4)  a  turbine-type  flow  meter,  (5)  a  resistance-heated  tube  connected  electrically  to  a 
64  kU  d-c  power  supply,  (6)  a  proportional  temperature  controller  usi i  to  maintain  a  constant  fuel  exit 
temperature  by  regulating  the  input  power,  (7)  a  fuel  cooler,  (8)  a  back-pressure  regulator,  (9) 
another  275-gal  reservoir  for  stressed  fuel  collection,  and  (10)  a  nitrogen  purge  system. 
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Figure  1.  Deposit  Test  Apparatus 


The  standard  heated  test  section  is  8ho%m  schematically  in  Fig.  2  and  consisted  of  a  316  stainless 
steel  tube  having  a  length  of  2.4  m,  an  10  of  0.22  m,  and  a  vail  thickness  of  0.05  cm.  A  few  tests 
were  conducted  with  shorter  I .2  m  tubes  to  investigate  whether  changes  in  the  environmental  history  of 
the  fuel  had  an  effect  on  fuel  deposition.  Each  2.4  m  test  tube  was  instrumented  with  thirty-three 
thermocouples  (spaced  every  5  to  9  cm)  to  measure  the  outside  wall  temperature  distribution;  twenty* 
six  thermocouples  (spaced  approximately  every  4  cm)  were  used  along  the  1.2  m  tube.  Fuel  pressures  and 
temperatures  were  measured  at  the  tube  inlet,  tube  exit,  and  at  three  equally  spaced  intermediate  loca* 
tions  along  the  2.4  m  tube,  and  at  two  equally  spaced  locations  along  the  1.2  m  tube.  In  order  to 
obtain  an  accurate  measurement  of  wall  temperature  while  using  direct-current  heating,  each  thermo¬ 
couple  was  electrically  isolated  from  the  tube  by  a  thin  layer  of  ceramic  paint.  The  thermocouple 
junction,  whose  size  was  no  greater  than  0.025  cm,  was  tightly  pressed  against  the  tube  and  secured 
with  additional  layers  of  ceramic  cement.  An  automatic  data  acquisition  system  continuously  monitored 
the  data  and  recorded  all  data  at  regular  preprogrammed  intervals  (15-min  typical). 

Prior  to  testing,  the  tube  assembly  was  thoroughly  cleaned  in  acetone  and  blown  dry  with  nitrogen, 
and  new  fuel  fitter  elements  were  installed.  To  ensure  a  repeatable  initial  test  condition,  the  fuel 
in  the  supply  tanks  was  saturated  by  sparging  with  air  for  a  minimum  of  twenty- four  hours,  and  the  dis¬ 
solved  oxygen  content  was  caeasured.  A  test  was  initiated  by  first  establishing  the  desired  pressure 
and  flow  rate  condition  and  then  activating  the  electric  power  supply  and  adjusting  the  power  level 
until  the  desired  fuel  exit  temperature  was  achieved.  The  time  necessary  for  attaining  a  steady  fuel 
temperature  was  typically  less  than  one  minute.  Interlocking  switches  for  automatic  shutdown  were  then 
activated,  thereby  permitting  unattended  operation,  and  the  data  acquisition  system  was  activated.  Any 
improper  thermocouple  attachments  were  readily  identified  from  the  initial  wall  temperature  profile  and 
data  from  such  thermocouples  were  ignored  in  data  analysis.  At  the  conclusion  of  a  test,  the  fuel  flow 
and  power  were  simultaneously  terminated  and  a  three  minute  nitrogen  purge  initiated.  The  test  tube 
was  then  removed  and  sectioned  for  deposit  analysis. 

The  quantity  of  deposit  accumulated  at  various  axial  locations  along  the  tube  was  determined  by 
oxidizing  individual  5 . l-cm- long  sections  of  tube  in  heated  air  with  continuous  analysis  of  the  evolved 
gases.  Approximately  12  sections  were  obtained  by  carefully  subdividing  the  test  tube  using  a  thin- 
bladed  saw  and  a  special  jig  that  was  designed  to  minimize  tube  vibration  and  heating  and,  thereby, 
preserve  the  morphology  of  the  deposit.  Prior  to  analysis,  each  specimen  was  vacuum  dried  at  395  R  for 
a  minimum  of  16  hr  to  remove  any  residual  liquid  fuel.  The  tube  sections  were  then  installed  in  a 
high-temperature  laboratory  furnace  and  the  deposit  was  reacted  with  a  metered  flow  of  air,  which  was 
directed  through  the  inside  of  the  tube.  The  effluent  gas  stream  was  passed  through  a  platinum/pallad¬ 
ium  catalytic  converter  to  ensure  complete  oxidation  of  all  carbonaceous  species  to  OO2  and  was  contin¬ 
uously  analyzed  for  both  the  (X)  and  OO2  concentrations.  The  deposit  (i.e.,  carbon)  mass  was  determined 
from  a  knowledge  of  the  air  flow  rate  and  the  concentrations  of  (X)  and  CO2  in  the  reaction  products. 
This  procedure  was  validated  by  performing  several  calibration  runs  in  which  pre-weighed  samples  of 
spectrographic-grade  carbon  (ranging  from  5  to  25  mg)  were  oxidised. 
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JP-5  Fuel  Tests 


A  low-aromatic  petroleum  based  JP-5  was  chosen  as  the  fuel  with  which  to  initiate  testing  and  to 
identify  the  important  physical  parameters  that  affect  deposit  formation.  The  experiments  were 
designed  to  evaluate  the  effects  of  key  operating  variables  such  as  fuel  pressure,  fuel  flowrate  (velo¬ 
city),  test  duration,  and  surface  temperature.  Tests  were  conducted  at  initial  wall  temperatures  %#hose 
values  ranged  from  545  K  to  8(X)  K,  fuel  temperatures  ranging  from  450  K  to  755  K,  fuel  discharge  pres¬ 
sures  ranging  from  27.2  atm  to  54.4  atm,  and  a  tube  entrance  velocity  of  2.6  m/sec.  To  achieve  these 

variations,  constant  input  heat  fluxes  ranging  from  45  to  75  Watt/cm^  were  required. 

An  example  of  the  progression  of  a  typical  wall  temperature  distribution  throughout  the  duration 
of  a  test  conducted  at  a  baseline  condition  (tube  entrance  velocity  of  2.6  m/sec,  pressure  of  27.2  atm 
and  fuel  discharge  temperature  of  755  K)  is  presented  in  Fig.  3.  The  initial  rise  and  subsequent 
decrease  in  wall  temperature  at  the  tube  entrance  is  believed  to  be  due  to  an  interaction  between  the 
developing  temperature  profile  and  the  laminar-turbulent  transition^^ .  Therefore,  because  correlations 
of  heat  transfer  are  strongly  dependent  on  the  local  Reynolds  number  and  the  state  of  the  boundary 
layer  all  deposit  formation  data  were  obtained  in  the  region  of  fully-developed  turbulent  flow  down¬ 
stream  of  the  entrance.  As  fuel  deposits  form  on  the  tube  inner  surface  (downstream  of  the  entrance), 

the  outer  wall  temperature  increases  due  to  added  thermal  resistance  of  the  deposit.  The  temperature 
data  indicate  that  the  increase  in  outer  wall  temperature  realized  at  each  time  increment  is  greatest 
at  axial  locations  which  correspond  to  an  initial  wall  temperature  ranging  from  approximately  645  K  to 
672  K.  The  magnitude  of  the  resulting  increases  in  outer  wall  temperatures  at  locations  corresponding 
to  both  lower  and  higher  initial  wall  temperatures  were  considerably  reduced. 


The  mass  of  carbon,  determined  from  the  oxidation  analysis,  was  converted  to  a  deposition  rate  for 
each  of  the  5.1-cffl-long  tube  sections  and  correlated  with  the  average  local  initiai-wal l-temperature. 

A  composite  plot  of  all  the  JP-5  deposit  data  is  presented  in  Fig.  4  and  clearly  indicates  that  deposit 
formation  exhibits  a  characteristic  behavior  that  is  strongly  dependent  on  the  initial  wa'l  temperature 
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of  Che  tube.  That  ia,  the  deposit  forsiation  rates  peak  at  an  initial  wall  tenperature  of  approximately 
645  K.  At  wall  tesiperaturea  greater  chan  and  less  than  this  value,  Che  rates  decrease  very  rapidly 
with  temperature,  as  was  suggested  by  the  wall  temperature  increases  shown  previously  in  Fig,  3. 

Taylor^  and  Szetela  and  TeVelde^  reported  a  similar  effect  of  wall  temperature  on  deposit  formation. 


The  effect  of  pressure  on  fuel  thermal  stability  was  investigated  by  performing  tests  at  fuel  exit 
pressures  of  27.2  atm  and  54,4  atm.  Results  (shown  in  Fig.  4)  indicate  that,  over  the  range  inveati- 
gated,  fuel  thermal  stability  waa  not  affected  by  operating  pressure.  Furthermore,  results  of  tests 
performed  at  identical  conditions  for  durations  of  1  Co  14  hr  indicate  Chat  deposit  formation  was  rela¬ 
tively  independent  of  time.  In  addition,  a  test  was  run  to  investigate  whether  intermittent  fuel  heat¬ 
ing  had  an  effect  on  deposit  formation,  A  duty  cycle  consisting  of  two  hours  of  hot  fuel  flow  followed 
by  one  minute  of  cold  fuel  flow  was  repeated  five  times  for  a  total  test  duration  of  ten  hours. 

Results  of  the  wall  temperature  and  deposit  burnoff  maaaurements  showed  that  intermittent  operation  had 
little  or  no  affect  on  deposit  formation  or  heat  transfer.  This  waa  corroborated  by  the  observation 
that,  in  alsuac  all  cases  upon  the  resumption  of  fuel  heating,  the  tube  wall  temperatures  returned  to 
their  last  previous  values. 
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The  histories  of  the  pressure  drop  across  a  typical  section  of  tube  and  the  corresponding  local 
wall  temperatures  obtained  during  a  long-duration  test  are  presented  in  Fig.  5.  The  pressure  drop  was 
measured  across  a  0.61-m-long  tube  section  located  near  the  midspan  in  an  area  of  peak  deposit  forma¬ 
tion,  and  the  wall  temperatures  were  measured  at  the  entrance,  midpoint  and  exit  of  the  tube  section. 
The  pressure  data  indicate  that  deposits  were  continually  being  formed  throughout  the  test;  whereas, 
changes  in  the  wall  temperature  gradients  suggest  that  there  may  have  been  a  decrease  in  the  rate  of 
deposit  formation  with  increasing  test  time.  It  is  hypothesized  that  rather  than  a  decrease  in  forma¬ 
tion  rates,  the  structure  of  the  deposits  changes  with  time  in  a  way  which  affects  the  heat  transfer 
characteristics  (e.g.,  thermal  conductivity  or  roughness). 

Alternative  Fuel  Tests 


The  alternative  fuel  test  series  were  performed  with  a  20  percent  hydrocracked  gas  oil/80  percent 
JP-5  fuel  blend  (NAPC-7),  a  50  percent  No.  2  heating  oiI/50  percent  JP-5  blend  (NAPC-Il)  and,  by  a 
shale-derived  JP-5  fuel  (NAFC-14).  Test  data  were  obtained  at  pressures  of  27.2  and  54 .4  atm,  tube 
entrance  velocities  ranging  from  2.6  m/sec  to  5.2  m/aec,  test  durations  ranging  from  I  hr  to  10  hr, 
surface  temperatures  ranging  from  480  K  to  800  K,  and  fuel  temperatures  ranging  from  approximately 
425  K  to  755  K. 

A  composite  plot  of  the  deposit  formation  rates  obtained  from  the  20  percent  hydrocracked  gas 
oil/80  percent  JP-5  fuel  blend  (NAPC-7)  is  shown  in  Fig.  6  and  exhibits  the  same  dependence  on  initial 
wall  temperature  as  was  described  earlier  for  the  JP-5  fuel.  Also,  test  duration  was  again  found  to 
have  no  significant  effect  on  fuel  deposition  rates.  A  few  tests  were  conducted  at  an  increased  veloc¬ 
ity  (5.2  m/sec),  and  with  a  shorter  tube  (l.2-m  long)  in  order  to  investigate  the  effect  of  reduced 
residence  time  and  to  determine  whether  the  results  %#ere  configuration-dependent.  For  the  shorter 
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tube,  twice  the  input  heat  flux  was  required  to  attain  the  same  fuel  discharge  temperature  as  was 
tested  in  the  longer  tube  (i.e.,  735  K)  and,  consequently,  the  corresponding  tube  wall-temperatures 
were  significantly  higher.  As  seen  in  the  figure,  the  deposit  formation  rates  obtained  from  the 
increased  velocity  and  the  short-tube  tests  were  slightly  higher  than  those  obtained  from  the  baseline 
test  condition  of  27.2  atm,  2.6  m/sec  velocity,  and  a  2,4  m  tube  length,  particularly  over  the  range  of 
initial  wall  temperature,  670  K  to  770  K.  Thus,  it  appears  that  there  is  a  secondary  dependence  of 
deposit  formation  on  residence  time,  possibly  related  to  the  rate  of  depletion  of  deposit  precursor 
species  from  the  fuel. 

The  deposit  layer  acts  as  a  thermal  barrier  to  heat  transfer;  therefore,  to  maintain  a  constant 
fuel  discharge  temperature,  a  constant  heat  flux  is  required  and  the  wall  temperatures  must  increase. 
The  thermal  resistance  of  the  deposit  (t/k)  was  determined  according  to  the  following  relation; 


1 

U 


1 

h 


t/k. 


(1) 


where  t  is  the  deposit  thickness,  k  is  the  deposit  thermal  conductivity,  h  ia  Che  clean  tube  convective 
("film")  heat  transfer  coefficient  (determined  at  the  start  of  the  test),  and  1)  is  the  overall  heat 
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transfer  coefficient  (determined  for  all  subsequent  times).  The  temperature  differences  across  the 
thin-wall  tubes  were  found  to  be  small  (generally  less  than  6  degrees  K),  consequently  they  %rere  not 
included  in  the  calculations.  It  is  estimated  that  an  error  of  five  percent  resulted  from  this 
approximation.  Using  a  value  of  0.21  Watt/at^K  for  the  deposit  thermal  conductivity  and  I  gm/cm^  for 
the  density  of  the  deposit,  the  deposit  rate  was  predicted  based  on  the  measured  wall  temperatures.  A 
comparison  of  the  measured  and  the  calculated  rates  of  carbon  deposition  for  NAPC*7  fuel  is  also 
presented  in  Fig.  6  and  there  is  relatively  good  agreement  sho«m  at  wall  temperatures  below  700  K. 
However,  at  higher  temperatures  the  calculated  rates  are  greater  than  those  measured,  indicating  that  a 
lower  value  of  deposit  thermal  conductivity  and/or  density  would  have  resulted  in  better  agreement. 

The  deposit  formation  and  heat  transfer  data  obtained  for  the  SO  percent  Mo.  2  heating  oil/SO  per- 
cent  JP-5  fuel  blend  (NAPC-11),  presented  in  Fig.  7,  allow  for  a  direct  comparison  between  carbon 
loading  per  unit  area  and  the  deposit  thermal  resistance,  both  determined  at  the  conclusion  of  the 
test.  The  straight  line  in  the  figure  represents  the  predicted  values,  based  on  the  assumption  of  a 
thermal  conductivity  of  0.21  Watt/m-K  and  a  deposit  density  of  1  gm/cm^.  The  results  indicate  that 
thermal  resistance  calculations  can  be  correlated  with  deposit  loading  and  that  the  constant  values  of 
thermal  conductivity  and  density  chosen  for  the  calculations  represent  a  good  first  approximation  to 
the  data.  The  data  represented  by  solid  symbols  were  obtained  from  a  test  whose  duration  was  1  hr,  as 

compared  to  5-hr  durations  used  in  the  remaining  NAPC'^ll  tests.  It  is  obvious  that  a  lower  value  of 

deposit  thermal  conductivity  and/or  density  would  better  correlate  the  data  for  the  1-hr  test.  This 
result  suggests  Chat  a  formulation  depicting  the  functional  relationship  of  deposit  thermal  conduc¬ 
tivity  and  density  with  surface  temperature  and  thickness  (time)  is  required  to  better  predict  deposit 
formation  rates  from  heat  transfer  measurements*.  It  is  postulated  that  Che  thermal  characteristics  of 
thin  deposit  layers  are  better  approximated  by  the  chersial  properties  of  the  fuel  and  as  deposits  con¬ 
tinue  to  build  up  and  crystalliee,  the  thermal  characteristics  begin  to  change  and  eventually  approach 

those  which  might  be  expected  from  a  graphitic  type  structure. 


Figure  6.  Rat#  of  Carbon  Dopoalllon  for  NAPC-7  Fual  FIguro  7.  Dopoalf  Loading  va  Dapoalt  Roalatanca 

for  NAPC-11  Fual 


A  conpari.on  of  the  depoeit  fonaetion  rete  correlation,  deterained  for  each  of  Che  fuels  tested  is 
presented  in  Fig,  8.  Although  date  scatter  aay  have  introduced  a  slight  bias  in  Che  positions  and 
slopes  of  the  curves  presented,  it  is  believed  that  Che  curves  accurately  repreaenc  Che  trends  and 
allow  coaparisons  to  be  aade.  Because  Che  Cheraal  stability  of  the  shale-derived  fuel  (NAPC-IA)  was 
unexpectedly  high  (due  Co  stringent  refining  procedures)  a  S-hr  test  duration  reaulted  in  relatively 
saall  Mounts  of  deposit  at  wall  ceaperatures  below  600  K.  Heasureaent  of  such  saall  quantities  of 
deposit  (typically  less  than  ISO  pg)  was  beyond  the  accuracy  of  the  analysis  equipawnC  and,  therefore, 
these  data  are  not  included.  The  curves  indicate  Chat  the  deposit  foraation  rates  of  alt  four  fuels 
tested  are  strongly  affected  by  Che  initial  wall  ceaperature.  Correaponding  JFTOT  breakpoint  teapera- 
tures  for  each  of  the  three  alternative  fuels  are  also  shown  on  the  figure  and  indicate  that  Che  rela¬ 
tive  rankings  of  the  fuels  based  on  the  results  of  the  current  study  and  on  independent  JFTOT  aeasure- 
aents  agree  very  well.  A  JFTOT  breakpoint  Ceaperature  ia  not  reported  for  the  JP-S  fuel  because  it 
failed  the  JFTOT  pressure  drop  criterion.  The  agreeaenc  between  Che  relative  ranking,  suggests  the 
possibility  of  correlating  breakpoint  Ceaperatures  with  deposit  foraation  races  and,  therefore,  deposit 
thickness  and  haat  Cransfar  effects. 


DEPOSIT  THICKNESS  X  10^  (mm) 


Heat  Transfer  Correlationa 


The  fueWside  convective  heat  transfer  coefficient,  h,  is  defined  as  the  ratio  between  the  heat 
flux  and  the  temperature  difference  between  the  surface  and  the  bulk  fluid,  as  shown  in  the  following 
relationship: 


h 


(2) 


The  inner  wall  temperature,  T  ,  is  determined  from  the  outer  wall  temperature  measurement  by  the  fol- 

Wi 

lowing  relationship: 


T^.~T^^-<Q'/16kJ[2Djtn(D^/D)-Dj*D^) 


(3) 


Assuming  the  convective  heat  transfer  to  generally  behave  in  accordance  with  the  Dittus^Boelter 
equation  for  turbulent  flow  in  tubes,  the  relationship  between  the  film  coefficient,  fluid  properties, 
and  flow  conditions  is  described  by: 


Nu-0.023(Re)**(Pr)*^ 


(ft) 


The  heat  transfer  data  for  all  of  the  JP~5  tests  are  presented  in  dimensionless  form  in  Fig.  9.  All 
fuel  properties  used  in  the  calculations  were  evaluated  at  the  "film'*  temperature,  defined  as  the 
arithmetic  csean  of  the  wall  and  bulk  temperatures.  The  fuel  thermophysical  properties  used  in  all  data 
correlations  were  compiled  from  data  obtained  for  JP-5  in  the  liquid  state^^,  from  Maxwell's  general' 
ized  data  for  hydrocarbons  over  a  wide  range  of  thermodynamic  states^^,  and  correlated  near-critical 
viscosity  and  thermal  conductivity  data  for  similar  hydrocarbons^^ .  As  shown  in  Fig.  9,  the  test 
data  are  seen  to  be  very  consistent  and,  except  in  the  inlet  region,  are  %m11  represented  by  an 
exponential  relation  similar  to  Eq.  (4).  As  stated  previously,  the  different  behavior  of  the  inlet 
region  of  the  tube  is  apparently  due  to  an  interaction  between  the  developing  temperature  profile  and 
the  laminar-turbulent  transition. 


Pigurt  8.  Comparison  of  OapotH  Formation  of  Taat  Fuala 
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FIgura  S.  Comacliv*  Heat  Tranatar  Data  for  JP-S 


Becauee  deposit  accuauletions  cause  a  reduction  in  flow  area  and  therefore  an  increase  in  fluid 
velocity,  Eq.  (ft)  should  be  aodified  to  adjust  the  fila  coefficient  at  all  tiaws  subsequent  to  the 
start  of  the  teat.  The  resulting  aodification  is  given  by. 


h'  -  h(D/0')‘** 


(5) 


D-2t. 


where  D*  * 

Similarly,  because  of  Che  change  in  inner  surface  area,  Eq.  (1)  is  modified  to: 


l/UA  •  l/h‘A*  ♦  2t/k^(A+A’) 


(6) 


where  A  and  A'  are  the  inner  surface  areas  of  Che  clean  tube  and  of  Che  deposics,  respeccively,  t  is 
the  deposit  thickness,  and  k^  is  the  thermal  conductivity  of  the  deposited  material.  Combining  Eqs. 
(5)  and  (6)  yields: 


k 


d 


2t  D  1 

(D+D')  ll/V  -  (D’/D)*®  1/h) 


(7) 


The  deposit  thickness  can  be  obtained  assuming  a  constant  deposit  density  of  I  gm/cm^  and  a  constant 
deposit  formation  rate.  Therefore,  Eq.  (7)  provides  a  relation  for  calculating  the  thermal  conduc¬ 
tivity  of  the  deposits,  based  on  the  heat  transfer  and  deposit  rate  data. 


Results  of  the  thermal  conductivity  calculations  made  using  Eq.  (7)  indicated  that  the  data  do  not 
fall  naturally  along  a  well-defined  curve.  Therefore,  in  an  effort  to  develop  a  correlating  parameter, 
the  data  have  been  compressed  about  a  mean  wall  temperature  (500  K)  using  an  appropriate  transformation 
function  (see  Fig.  10).  As  shown  in  the  figure,  the  deposit  thermal  conductivity  for  JP-5  exhibited  a 
minimum  value  approximating  the  conductivity  of  the  fuel  (i.e.,  .03  Watt/m-K)  and  increased  with 
increased  deposition  to  a  value  approaching  that  of  amorphous  carbon  (i.e.,  3  Watt/m-K).  The  observed 
relationship  suggests  a  potential  model  for  the  deposition  process,  i.e.,  a  very  porous  initial  deposit 
layer,  gradually  being  solidified  by  pyrolysis  of  fuel  permeating  the  porous  structure.  As  the  deposit 
layer  solidifies,  the  effective  thermal  conductivity  increases  from  the  value  for  the  fuel  toward  a 
value  for  amorphous  carbon. 
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Pigura  10.  Dtpotll  Thtrmal  Conductivity  Corrolation  for  JP-S 


Concluding  Remark* 

Thermal  stability  characteristics  of  four  liquid  hydrocarbon  fuela  have  been  evaluated  uaing  a 
heated-tube  apparatus  which  permitted  independent  control  of  temperature,  pressure  and  flow  velocity. 
The  results  demonstrate  the  applicability  of  the  apparetue  for  evaluating  fuel  thermal  stability  and 
deposit  heat  transfer  characteriatics  over  a  broad  range  of  teet  conditione.  The  deposit  formation 
rate  characteristics  of  all  of  the  fuels  tested  were  similar  in  that  rates  were  very  sensitive  to  the 
wall  temperature,  with  peak  formation  rates  occurring  at  initial  surface  temperatures  of  644  K  to 
672  K.  Comparisons  of  results  indicated  chat,  of  Che  different  fuel#  teeted  (i.e.,  JP-*3,  50  percent 
hydrocracked  gas  oil/80  percent  JP-5,  50  percent  No.  2  heating  oil/50  percent  JP-5,  and  ehale  derived 
JP-5),  Che  shale  derived  JP-5  fuel  produced  significantly  less  deposit  than  any  of  the  other  fuels  at 
identical  teat  conditions  possibly  due  to  the  scriogent  refining  process  required  to  produce  a  low 
nitrogen  content  product.  Heat  transfer  analyses  indicate  that  the  deposit  thermal  conductivity 


increases  with  increasing  deposit  thickness,  and  ranges  from  values  approximating  the  thermal  conduc” 
tivity  of  the  fuel  to  values  approaching  that  of  amorphous  carbon.  Furthermore,  over  the  range  of 
conditions  tested  and  to  a  first  approximation,  the  effect  of  deposits  on  fuel  system  heat  transfer  can 
be  predicted  provided  the  variation  of  deposit  thermal  conductivity  and  density  with  temperature  and 
deposit  thickness  (time)  is  known.  Finally,  fuel  thermal  stability  rankings  derived  from  the  present 
experimental  results  agree  very  well  with  rankings  based  upon  the  standard  JFTOT  analysis. 
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DISCUSSION 


G.Datschefski 

I  am  very  interested  in  the  possible  influences  of  chemical  composition  of  the  four  very  different  fuels  used  in 
this  research  on  deposit  formation  in  the  test  apparatus.  In  Figure  8  you  showed  that  there  was  quite  a  good 
correlation  between  deposit  formation  rate  and  JFTOT  breakpoint  temperature  of  the  different  fuels.  Was  any 
correlation  found  between  deposit  formation  and  concentrations  of  chemical  components  in  the  fuels,  such  as 
aromatics,  olefins,  hydrogen  content?  We  have  found  that  the  bulk  chemical  corporation  of  a  jet  fuel  has  Uttle 
effect  on  its  deposit  forming  tendency,  but  that  certain  trace  components  can  play  a  very  significant  role. 

Author’s  Reply 

In  order  to  derive  meaningful  correlations  regarding  the  influence  of  chemical  composition  on  deposit  formation 
it  is  necessary  to  selectively  vary  an  individual  fuel  property  over  an  adequate  range  while  maintaining  all  other 
properties  approximately  constant.  Because  there  were  simultaneous  variations  of  several  fuel  properties  among 
the  fuels  tested  in  this  study,  it  was  not  possible  to  isolate  the  effect  of  any  one  fuel  property  or  chemical  group. 
However,  a  comparison  of  the  results  indicates  that  sulphur  content  appears  to  correlate  with  deposit  formation; 
that  is,  the  fuels  with  the  maximum  and  minimum  sulphur  concentrations  also  corresponded  to  the  maximum 
and  minimum  fuel  deposition  rates. 


S.Wittig 

You  indicated  that  the  entrance  region  -  almost  500  mm  if  I  see  it  correctly  has  been  "neglected".  However, 
in  consulting  Figure  3,  the  developing  boundary  layer  may  have  some  profound  effects  on  the  history  of  deposit 
formation  rate  and  your  results,  as  extremely  strong  temperature  gradients  are  imposed.  Did  you  analyze  these 
phenomena  in  detail? 

Author's  Reply 

An  analysis  of  the  entrance  region  effects  and  how  deposit  formation  affects  the  heat  transfer  in  the  area  has  been 
made  and  is  presented  in  a  separate  paper  entitled  “Tube  Entrance  Heat  Transfer  with  Deposit  Formation"  authore 
by  E.J.Szetela  and  D.R.Sobel  (AIAA  82-0918).  In  addition,  deposit  quantities  were  measured  in  the  entrance 
region  and  were  found  to  be  relatively  high,  considering  that  the  corresponding  fuel  temperature  was  quite  low 
(i.e.  less  than  375°F).  However,  as  you  have  indicated,  the  temperature  gradients  are  so  severe  that  it  was  not 
possible  to  relate  deposit  quantity  to  a  value  of  wall  temperature  in  this  region. 
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In  order  to  increase  the  availability  and  reduce  the  cost  of  future  fuels  for  aircraft  gas  turbine 
engines,  it  may  be  necessary  to  broaden  fuel  specifications.  Anticipated  changes  in  fuel  properties,  and 
the  effects  of  these  changes  on  combustion  system  performance,  operating  characteristics,  durability,  and 
emissions  are  briefly  reviewed,  and  results  to  date  of  a  program  being  conducted  to  develop  and  demonstrate 
combustor  technology  required  to  utilize  broadened-prcperties  fuels  in  current  and  next-generation  engines 
are  described.  Combustion  system  design  considerations  and  tradeoffs  for  burning  broadened-properties 
fuels  are  discussed,  and  test  experience  with  several  applicable  combustor  design  modifications  to  the  ^  . 
General  Electric  CF6-80A  combustion  system  is  reviewed.  Modifications  have  been  demonstrated  to  improve 
liner  cooling  and  reduce  smoke  in  the  conventional  annular  combustor,  thereby  reducing  effects  of  vari¬ 
ations  in  fuel  hydrogen  content.  Advanced  staged  and  variable  geometry  combustor  concepts  for  burning 
broadened-properties  fuels  have  also  been  demonstrated. 

1.  INTRODUCTION 

Long  term  use  of  fuels  having  a  broader  (wider)  range  of  properties  than  current  jet  fuels  is  of 
interest  as  a  means  to  reduce  fuel  cost  and  increase  fuel  availability  in  the  future.  Trends  towards 
increased  aromatics  content  (reduced  hydrogen  content)  and  increased  freezing  point  have  already  been 
identified  in  comnercial  fuels  used  within  the  U.S.,  and  use  of  syncrudes  without  extensive  processing 
would  result  in  further  reductions  in  fuel  hydrogen  content.  The  U.S.  Air  Force  has  particular  interest 
in  changing  from  a  volatile  wide-cut  fuel  (JP-4)  to  a  kerosine  fuel  (OP-8),  motivated  by  NATO  standard¬ 
ization  and  combat  vulnerability  considerations. 

Several  fuel  effects  programs  have  been  or  are  being  sponsored  by  the  U.S.  Air  Force  and  the  U.S. 

Navy  to  evaluate  and  quantify  the  effects  of  variations  in  fuel  properties  on  combustion  system  and 
turbine  performance,  operating  characteristics,  durability,  and  emissions  in  current  military  aircraft 
gas  turbine  engines  [1-8].  The  U.S.  National  Aeronautics  and  Space  Administration  (NASA)  and  Federal 
Aviation  Administration  (FAA)  have  sponsored  similar  fuel  effects  programs  for  comnercial  engine  com¬ 
bustors  [9,  10].  NASA  and  the  Navy  have  also  sponsored  programs  specifically  to  evaluate  and  evolve 
combustor  design  technology  to  permit  the  use  of  broadened-properties  fuels  in  future  engines  [11-14]. 

The  objective  of  this  paper  is  to  describe  the  current  technology  status  with  regard  to  the  design 
of  combustion  systems  for  burning  broadened-properties  fuels.  This  description  will  consist  of  a  brief 
background  discussion  of  the  effects  of  burning  broadened-properties  fuels  on  combustor  system  operation, 
based  on  previous  fuel  effects  studies,  followed  by  a  description  of  applicable  combustor  technology  to 
reduce  or  offset  these  effects,  based  primarily  on  results  of  the  NASA/General  Electric  Broad-Specification 
Fuels  Combustion  Technology  Program  [11]. 

2.  DESIGN  CONSIDERATIONS  FOR  BROADENED-PROPERTIES  FUELS 

Definition  of  appropriate  combustion  system  features  or  design  modifications  to  use  broadened- 
properties  fuels  in  a  specific  engine  application  requires  a  knowledge  of  (1)  fuel  properties,  including 
the  properties  of  the  fuels  currently  in  use  in  the  engine  as  well  as  the  expected  range  of  future  fuel 
properties;  (2)  the  projected  effect  of  the  expected  changes  in  fuel  properties  on  combustor  performance, 
operating  characteristics,  durability,  and  emissions;  (3)  the  expected  extent  of  engine  operation,  and  any 
special  operating  requirements  on  broadened  properties  fuels;  and  (4)  the  operating  and  performance  margins 
of  the  present,  baseline  combustion  system  when  operated  on  current  fuels. 

Fuel  Properties 

Most  currently  used  aviation  turbine  fuels  can  be  classified  as  kerosines  (F-34,  F-35,  Jet  A,  JP-5, 
JP-8,  AVTUR)  or  more  volatile  wide-cut  distillates  (F-40,  Jet  B,  JP-4,  AVTAG).  Future  fuel  specification 
limits,  intended  to  cover  the  expected  range  of  fuel  properties  required  in  future  comnercial  aviation 
turbine  fuels  (except  for  fuels  containing  large  proportions  of  coal  liquids)  were  defined  by  the  Jet 
Aircraft  Hydrocarbon  Fuel  Technology  Workshop  conducted  at  the  NASA-Lewis  Research  Center  [15].  The 
resulting  Experimental  Referee  Broad  Specification  (ERBS)  Fuel  specifications  are  similar  to  broadened- 
specifications  for  military  jet  fuels  which  have  been  proposed  by  the  U.S.  Air  Force  Aero  Propulsion 
Laboratory  [16],  and  to  specifications  for  the  AGARO  Research  Fuel  (ARF)  defined  by  the  AGARD  Propulsion 
and  Energetics  Panel  Working  Group  13  [17].  Key  fuel  specifications  and  typical  test  fuel  properties  for 
the  JP-4,  Jet  A,  and  ERBS  fuels  being  used  in  a  current  NASA/General  Electric  test  program  [11]  are  shown 
in  Table  I.  Also  shown  for  reference  are  AGARO  Research  Fuel  specifications. 

In  terms  of  fuel  composition,  the  ERBS  fuel  specification  represents  a  sizable  jump  in  aromatics 
content,  and  corresponding  reduction  in  hydrogen  content,  relative  to  either  of  the  current  fuels.  Thus, 
the  use  of  an  ERBS  type  fuel  would  represent  a  sizable  change  in  fuel  composition  regardless  of  whether 

JP-4  or  Jet  A  is  currently  in  use.  However,  in  terms  of  fuel  volatility  and  fluidity,  the  difference 

between  current  JP-4  and  Jet  A  is  much  larger  than  the  difference  between  Jet  A  and  ERBS.  For  example, 
the  viscosity  of  the  Jet  A  test  fuel  is  nearly  three  times  that  of  the  JP-4,  while  the  viscosity  of  ERBS 

is  only  15  to  20  percent  above  that  of  Jet  A.  Thus,  where  JP-4  is  currently  in  use  (as  in  U.S.  Air  Force 

operations)  volatility  and  viscosity  effects  of  a  transition  to  ERBS  fuel  would  be  substantial.  On  the 
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other  hand,  where  Jet  A  is  currently  in  use,  effects  of  a  transition  to  ERBS  fuel  should  have  less  impact. 

As  with  aromatics  content,  fuel  thermal  stability  limits,  as  described  by  the  Jet  Fuel  Thermal  Oxidation 
Tester  (JFTOT)  breakpoint  temperature,  are  the  same  for  both  of  the  current  fuels,  while  the  ERBS  fuel  can 
be  less  stable. 

The  similarity  in  ERBS  and  Jet  A  viscosity  and  volatility  is  largely  a  result  of  freezing  point 
considerations.  Any  fuel  having  a  freezing  point  low  enough  for  general  aviation  use  will  almost  in¬ 
evitably  have  fluidity  and  volatility  characteristics  similar  to  current  kerosines  such  as  Jet  A.  However, 
a  more  severe  change,  particularly  applicable  to  military  applications,  would  be  the  short  term  use  of  non- 
aviation  fuels  in  emergency  conditions.  In  this  case,  consideration  of  operating  limitations  and  short 
term  effects  of  using  heavier  fuels  is  also  applicable.  Consideration  of  fuels  having  hydrogen  content 
of  about  12  percent  is  also  applicable  to  the  long  term  use  of  coal-derived  fuels. 

Fuel  Effects 


As  indicated  above,  detailed  fuel  property  effects  have  been  determined  for  a  wide  range  of  different 
military  and  commercial  engine  combustion  systems  [1-9].  These  studies  indicate  that,  in  general,  fuel 
composition  (hydrogen  content)  determines  high  power  combustion  characteristics;  physical  properties 
(volatility  and  fluidity)  affect  lightoff  and  low  power  characteristics;  and  thermal  stability  determines 
fuel  injector  life. 

High  power  effects  can  be  well  characterized  by  fuel  hydrogen  content.  As  fuel  hydrogen  content 
is  reduced,  soot  formation  is  increased,  and  peak  flame  temperature  is  also  increased  because  the  lower 
water  content  of  the  combustion  products  from  the  lower  hydrogen  content  fuels  reduces  their  specific 
heat.  Increased  soot  formation  leads  to  higher  flame  emissivity  within  the  combustor  and  increased  smoke 
emissions  at  the  combustor  exit.  Higher  flame  emissivity  leads  to  increased  flame  radiation,  increased 
liner  temperatures,  and  ultimately  to  reduced  liner  life.  Increased  soot  formation  tendency  can  also 
lead  to  carbon  deposition  on  combustor  surfaces.  Increased  flame  temperature  tends  to  further  increase 
flame  radiation,  and  also  increases  NOx  formation  rates. 

Table  II  indicates  the  extent  to  which  fuel  composition  affected  combustor  emissions  and  performance 
in  several  recent  fuel  effects  studies.  In  each  case,  the  change  resulting  from  a  reduction  from  14  to  13 
percent  fuel  hydrogen  content  is  shown.  This  is  approximately  eguivalent  to  a  change  from  Jet  A  to  ERBS 
fuel.  The  strongest  effect  of  fuel  hydrogen  content,  in  terms  of  percentage  change,  was  on  smoke  emissions. 
Smoke  levels  were  increased  by  up  to  70  percent.  An  equally  significant  effect  is  the  predicted  life  re¬ 
duction  brought  about  by  increased  liner  temperatures.  In  the  engines  shown,  predicted  life  was  reduced  by 
between  11  percent  and  33  percent  as  a  result  of  liner  temperature  rise  increases  of  only  2  percent  to  10 
percent.  NOx  emissions  also  increased  consistently,  though  slightly,  with  reduced  fuel  hydrogen  content. 

The  NOx  Increase  averaged  less  than  5  percent,  which  is  insignificant  in  terms  of  the  current  emissions 
regulations.  Other  potential  effects  of  a  reduction  in  fuel  hydrogen  content,  including  increased  carbon 
deposition,  increased  turbine  metal  temperatures,  and  turbine  erosion  due  to  higher  levels  of  carbon 
particulates  were  not  found  to  be  significant  for  systems  tested. 

As  fuel  fluidity  is  reduced  (increased  viscosity,  surface  tension,  and  density)  the  size  of  droplets 
produced  by  either  a  pressure  atomizing  or  airblast  type  of  fuel  injector  is  increased.  These  larger 
droplets  evaporate  at  a  slower  rate,  and  have  different  trajectories  than  smaller  droplets,  thereby 
changing  the  fuel  distribution  within  the  combustor.  Reduced  volatility,  which  is  closely  related  to 
fluidity,  also  reduces  the  evaporation  rate.  Effects  of  variations  in  fluidity  (expressed  as  relative 
drop  size)  on  minimum  ambient  temperature  for  ground  start  are  shown  for  several  different  combustors  in 
Figure  1  (from  Reference  5).  Combustors  having  pressure  atomizing  nozzles  which  produce  a  fine  spray  at 
lightoff  conditions  were  virtually  unaffected,  while  the  airblast  injected  FlOl  was  strongly  affected. 

Low  power  CO  and  HC  emissions  levels  were  also  increased  with  decreased  fluidity.  CO  levels  were  10  per¬ 

cent  to  35  percent  higher  with  No.  2  Diesel  than  with  JP-4.  However,  this  translates  to  a  reduction  of 
only  0.5  percent  in  combustion  efficiency  at  idle,  and  a  much  smaller  reduction  at  higher  power  levels. 

A  reduction  in  fuel  thermal  stability  increases  the  rate  at  which  fuel  nozzle  control  valves  and  fuel 

nozzle  tips  are  affected  by  fuel  fouling.  As  shown  in  Figure  2,  fuel  injector  life  is  a  strong  function 
of  the  difference  between  the  fuel  temperature  and  JFTOT  breakpoint  temperature. 

In  summary,  previous  studies  indicate  that  the  truly  significant  problems  arising  from  changes  in  fuel 
properties  are  limited  to  increased  smoke  emissions,  reduced  liner  life,  decreased  ignition  capability,  and 
reduced  fuel  injector  life.  However,  the  extent  to  which  these  effects  are  actually  significant  depends  on 
the  anticipated  change  in  fuel  properties  (as  discussed  above),  and  the  performance  margins  of  the  specific 
combustion  system  being  considered.  For  example,  the  FlOl  engine  currently  has  a  smoke  level  of  less  than  3 
on  JP-4.  Even  with  a  change  to  12  percent  fuel  hydrogen  content,  resulting  in  a  45  percent  increase  in 
smoke  number,  smoke  emissions  would  still  be  well  below  the  visible  level  of  20.  In  this  case,  increased 
smoke  might  not  be  serious. 

A  final  consideration  affecting  selection  of  design  technology  to  be  implemented  is  the  design  status 
of  the  engine  under  consideration.  For  an  existing  engine  design,  only  the  use  of  retrofittable  modifica¬ 
tions  would  be  applicable,  while  more  radical  design  changes,  including  advanced  combustor  concepts,  would 
be  applicable  to  a  new  engine  in  the  design  phase. 

3.  COMBUSTOR  DESIGN  TECHNOLOGY 

Once  the  specific  fuel  property  changes,  expected  effects,  and  current  combustion  system  performance 
margins  have  been  defined,  the  use  of  selected  combustion  system  modifications  can  be  evaluated.  In  the 
following  discussion,  combustion  system  modifications  are  considered  as  they  relate  to  changes  in  fuel 
composition;  fluidity  and  volatility;  and  thermal  stability. 

The  following  discussion  deals  specifically  with  the  ongoing  NASA/General  Electric  Broad-Specification 
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Fuels  Combustor  Technology  Program  [11].  This  program  involves  the  design  and  sector  combustor  component 
test  evaluation  of  several  different  combustor  configurations  for  operation  on  broadened-properties  fuels. 
Combustor  configurations  are  sized  for  the  CF6-80A  engine,  which  is  a  large  (50,000  lb.  Thrust  Class),  high 
pressure  ratio  turbofan.  Combustor  concepts  evaluated  in  this  program  cover  the  range  from  retrofittable 
modifications  to  the  standard  CF6-80A  combustor  (Figure  3)  to  the  use  of  the  advanced  double  annular  staged 
combustor  and  the  ultra-short  variable  geometry  combustor  shown  in  Figure  4.  Several  different  modifica¬ 
tions  to  each  of  the  three  combustor  concepts  are  being  evaluated. 

The  double  annular  combustor  is  a  parallel  staged  design.  At  lightoff  and  low  power  conditions,  all 
of  the  fuel  is  burned  in  the  pilot  stage,  which  is  designed  to  provide  low-velocity,  near-stoichiometric 
primary  combustion  for  good  ignition  and  low  power  performance.  At  high  power,  both  stages  are  fueled. 

Most  of  the  fuel  is  supplied  to  the  main  stage,  which  is  designed  to  provide  high-velocity,  lean  primary 
combustion  for  low  smoke  and  NOx  formation. 

The  single  stage,  variable  geometry  combustor  uses  a  variable  area  swirler  to  control  primary  combustion 
zone  conditions.  At  low  power,  the  variable  swirler  is  closed  to  provide  low  velocities  and  near-stoichio¬ 
metric  fuel-air  ratios  as  in  the  double  annular  combustor  pilot  stage.  At  high  power,  the  swirler  is  opened 
to  provide  high-velocity,  lean  primary  combustion  as  in  the  double  annular  combustor  main  stage. 

Experimental  evaluations  of  the  combustors  shown  in  Figures  3  and  4  are  being  conducted  in  a  high 
pressure  (4  MPa)  60°  sector  combustor  test  facility,  which  is  capable  of  operation  at  the  maximum  combustor 
inlet  pressures  and  temperatures  encountered  during  actual  engine  operations.  Instrumentation  is  provided 
to  measure  liner  temperatures,  flame  radiation,  exit  temperature  and  fuel-air  ratio  profiles,  smoke,  and 
gaseous  emissions  over  the  full  range  of  steady-state  operating  conditions.  Additionally,  lean  blowout  at 
idle  operating  conditions  and  altitude  relight  performance  are  being  measured.  A  total  of  six  test  fuels 
are  being  used  to  span  the  wide  range  of  chemical  and  physical  properties  indicated  in  Table  III.  Test 
fuels  include  JP-4,  Jet  A  (  which  also  meets  JP-5  and  Jet  A-1  specifications),  and  No.  2  Diesel  Fuel,  which 
provide  a  range  of  viscosity  and  volatility.  Three  other  specially  blended  Experimental  Referee  Broad- 
Specification  (ERBS)  fuels  having  physical  properties  similar  to  Jet  A,  but  having  different  hydrogen 
contents,  provide  a  range  of  chemical  properties. 

The  NASA/General  Electric  program  is  aimed  specifically  at  commercial  engine  applications.  In  these 
applications,  the  overriding  concerns  are  combustion  system  life  reduction  and  increased  smoke  emission, 
both  of  which  are  due  to  reduced  hydrogen  content.  Since  the  current  fuel  fnr  commercial  applications  is 
Jet  A,  and  emergency  use  of  heavier  non-aviation  fuels  is  unlikely  to  be  required  (as  might  be  the  case 
in  a  military  application),  fuel  fluidity  effects  are  of  secondary  importance  in  this  specific  application. 

Fuel  Composition 

As  described  above,  the  most  serious  long  term  effect  of  a  reduction  in  fuel  hydrogen  content  is 
reduced  liner  life.  One  design  approach  to  alleviate  this  problem  is  to  change  the  liner  material  or 
mechanical  design.  For  example,  a  change  from  a  nickel  based  alloy  to  a  cobalt  based  alloy  can  nearly 
triple  predicted  liner  life.  Mechanical  design  features,  such  as  the  use  of  a  short  film  slot  overhang, 
which  reduces  overhang  closure  and  buckling,  can  also  be  used.  Segmented  liner  designs  providing  extended 
life  are  also  available,  and  transpiration  cooled  liners  show  promise.  However,  such  mechanical  changes 
all  require  combustor  replacement,  rather  than  retrofittable  modification. 

Aerothermal  design  modifications  to  reduce  or  offset  the  effects  of  changes  in  fuel  hydrogen  content 
are  suggested  by  consideration  of  the  physical  phenomena  which  control  combustor  performance.  For  example, 
liner  metal  temperature  under  steady-state  conditions  is  determined  by  energy  transfer  from  the  hot  com¬ 
bustion  gases  to  the  liner  by  internal  convection  and  radiation,  and  by  energy  transfer  from  the  liner  to 
the  outer  passage  airflow  and  engine  structure  by  external  convection  and  radiation,  respectively.  Conduc¬ 
tion  within  the  liner  also  affects  the  liner  temperature  distribution,  but  conduction  "'^ects  are  small 
compared  to  convection  and  radiation,  and  can  be  neglected  for  consideration  of  fuel  e  r  cts. 

Internal  radiation  from  the  hot  gases  depends  on  the  temperatures  and  emissivities  of  the  hot  combus¬ 
tion  gases  and  of  the  inner  surface  of  the  combustor  liner.  The  liner  temperature  increases  observed  with 
reduced  fuel  hydrogen  content  are  almost  totally  attributed  to  increased  internal  radiation,  primarily  due 
to  increased  flame  emissivity.  Internal  radiation  heat  transfer  can  be  reduced  by  reducing  the  emissivity 
or  temperature  of  the  combustion  gases,  by  increasing  the  liner  surface  temperature  or  by  reducing  the 
liner  absorptivity. 

Gas  emissivity  is  due  primarily  to  nonluminous  CO^  and  H^O,  and  luminous  soot.  Modern  low  smoke 
combustion  systems  are  designed  to  provide  an  overall  primary  zone  fuel-air  ratio  well  below  the  level 
required  for  soot  formation.  Therefore,  any  soot  formed  is  due  to  locally  rich  regions.  Soot  formation 
can  be  eliminated  by  providing  a  leaner  or  more  uniform  primary  zone  mixture.  Improved  uniformity  and 
leaner  mixtures  also  reduce  peak  gas  temperature,  thereby  reducing  flame  radiation. 

Improved  primary  zone  uniformity  can  be  obtained  either  by  changing  details  of  fuel  injection  for 
improved  atomization  and  more  uniform  fuel  distribution,  or  by  modifying  the  primary  zone  airflow  patterns 
for  improved  mixing.  Figure  5  demonstrates  the  effect  that  a  subtle  change  in  fuel  atomization  can  have. 

In  this  case,  the  only  change  was  to  increase  the  proportion  of  flow  to  the  primary  (pressure  atomizing) 
orifice  of  the  dual  orifice  fuel  nozzle  used  in  the  CF6-80A  combustor.  This  had  the  effect  of  improving 
atomization  slightly,  and  increasing  the  fuel  concentration  towards  the  center  of  the  spray  cone.  As 
indicated  in  Figure  5,  liner  temperatures  and  smoke  were  both  reduced  sufficiently  to  offset  the  effects 
of  changing  from  Jet  A  to  ERBS  fuel. 

A  change  in  the  air  swirlers  surrounding  the  fuel  nozzle  affects  both  fuel  distribution  and  fuel-air 
mixing.  The  effect  of  a  swirler  modification  is  shown  in  Table  IV.  In  this  case,  the  standard  swirler 
was  replaced  with  a  unit  which  had  the  same  airflow  rate,  but  produced  a  wider  fuel  spray  and  stronger 
recirculation.  Smoke  levels  were  substantially  reduced,  indicating  reduced  soot  formation,  but  the  wider 
spray  angle  increased  the  amount  of  fuel  near  the  combustor  walls,  resulting  in  a  significant  increase  in 
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liner  temperature.  This  illustrates  an  important  tradeoff  between  internal  radiation,  which  was  reduced, 
and  conduction  which  was  increased  by  the  higher  temperatures  near  the  wall. 

Changes  in  the  size  and  location  of  primary  dilution  holes  can  be  used  to  provide  a  lean  and  more 
uniform  primary  zone  mixture.  The  marked  improvement  in  smoke  level  and  the  slight  reduction  in  average 
liner  temperature  shown  in  Table  V  were  obtained  by  a  relatively  minor  dilution  modification  in  which  about 
5  percent  of  the  combustor  airflow  was  moved  forward  on  the  combustor  liners  by  3.5  cm. 

One  additional  way  to  reduce  gas  emissivity  is  to  reduce  the  mean  radiation  beam  length  across  the 
gas  stream,which  is  proportional  to  the  annulus  height.  However,  reducing  the  annulus  height  increases 
the  flow  velocity,  which  tends  to  increase  convection  and  adversely  affects  ignition  and  low  power 
performance. 

The  ultimate  in  uniform,  lean  mixtures  with  a  short  mean  beam  length  (high  velocity)  is  obtained  in 
the  advanced,  lean  burning  variable  geometry  combustor  and  double  annular  combustor  main  stage.  In  tests 
conducted  in  the  NASA/General  Electric  program,  liner  temperatures  in  the  double  annular  combustor  were 
virtually  unaffected  by  fuel  hydrogen  content,  as  shown  in  Figure  6. 

Another  approach  to  reduce  internal  radiation  heat  transfer  is  to  treat  the  inner  surface  of  the  liner 
to  reduce  emissivity  and  increase  the  temperature  on  the  inner  (hot  side)  surface  of  the  liner  wall.  Both 
of  these  effects  can  be  obtained  by  using  ceramic  thermal  barrier  coatings  (TBC).  TBC  is  more  reflective 
than  the  base  metal,  so  that  less  of  the  incident  radiation  is  absorbed.  A  slight  additional  reduction  in 
radiative  heat  transfer  is  also  obtained  because  the  hot  side  surface  temperature  of  the  insulating  TBC  is 
higher  than  that  of  an  uncoated  wall  (although  metal  temperatures  beneath  the  TBC  are  reduced).  In  the 
conventional  annular  combustor,  TBC  reduced  the  average  liner  metal  temperature  by  26  K,  which  more  than 
offset  a  13  K  increase  in  temperature  in  going  from  Jet  A  to  ERBS  fuel  in  the  uncoated  combustor.  Sensi¬ 
tivity  to  fuel  hydrogen  content  was  also  reduced  with  the  coating,  presumably  because  of  increased  reflec¬ 
tivity.  With  TBC,  the  average  liner  temperature  with  ERBS  fuel  was  only  6  K  above  that  obtained  with  Jet  A, 
compared  to  a  13  K  increase  in  the  uncoated  combustor. 

Heat  transfer  to  the  liners  due  to  internal  convection  depends  on  the  effective  temperature  adjacent 
to  the  combustor  wall  (the  film  temperature),  the  wall  surface  temperature,  and  the  heat  transfer  coeffi¬ 
cient  at  the  wall . 

As  described  in  the  previous  discussion  of  internal  radiation,  the  film  temperature  is  influenced  by 
the  gas  temperature  profile  across  the  combustor  as  well  as  the  bulk,  or  average  temperature  of  the  com¬ 
bustion  gases.  The  use  of  lean  mixtures  will  reduce  both  radiation  and  conduction  heat  transfer.  However, 
a  center  peaked  profile  with  peak  temperatures  near  the  combustor  pitch  line  is  favorable  for  reducing 
convection,  while  a  uniform  temperature  reduces  smoke  and  radiation.  Film  temperature  can  also  be  reduced 
by  increasing  film  cooling  flows;  however,  this  extra  cooling  airflow  must  be  taken  from  either  swirler  or 
dilution  airflow,  and  the  net  result  will  generally  be  an  increase  in  peak  temperature  near  the  combustor 
pitch  line. 

Internal  convection  heat  transfer  can  be  reduced  by  increasing  the  hot  side  wall  surface  temperature. 
This  can  be  implemented  by  using  thermal  barrier  coatings,  as  discussed  above.  The  heat  transfer  coeffi¬ 
cient  could  also  be  reduced  by  reducing  the  velocity  of  the  hot  gases;  however,  reduced  velocity  would 
require  either  a  primary  zone  airflow  reduction  (richer  mixture)  or  increased  annulus  height  (increased 
mean  beam  length  and  liner  area)  which  would  tend  to  increase  flame  radiation. 

External  heat  transfer  is  dominated  by  convective  heat  transfer  from  the  liner  to  the  airflow  in  the 
passages  surrounding  the  combustor.  Radiative  heat  transfer  from  the  liner  to  the  engine  structure  is 
generally  a  small  proportion  of  total  heat  flux,  and  there  is  little  that  can  be  done  through  design  changes 
to  increase  external  radiation.  On  the  other  hand,  modifications  to  increase  external  convection  have  high 
potential  for  liner  temperature  reduction. 

External  convection  heat  transfer  increases  with  increasing  external  surface  temperature  and  heat 
transfer  coefficient  or  decreasing  cooling  air  temperature.  Since  the  desired  result  is  to  reduce  metal 
temperature,  increasing  external  surface  temperature  is  unacceptable.  The  cooling  air  temperature  is 
identical  to  the  combustor  inlet  temperature,  which  cannot  be  controlled.  Thus,  increasing  the  heat 
transfer  coefficient  is  the  only  external  convection  variable  which  can  be  influenced  by  combustor  design. 

Two  methods  for  increasing  the  external  convection  heat  transfer  coefficient  are  by  incr 'asing  the 
airflow  velocity  adjacent  to  the  liner,  or  by  using  impingement  cooling.  Both  of  these  methods  have  been 
successfully  demonstrated  as  means  for  reducing  local  liner  temperatures  in  production  combustors.  The 
CF6-50  combustor  uses  liner-mounted  baffles  to  increase  local  airflow  velocities,  while  the  J79-17C 
(smokeless)  combustor  uses  combined  cold-side  impingement  and  hot  side  film  cooling  on  the  combustor  dome. 

In  the  combustor  shown  in  Figure  7,  a  liner  temperature  reduction  of  about  40  K  was  predicted  for  the 
panels  using  impingement  cooling,  assuming  no  change  in  internal  flow  patterns.  However,  no  reduction 
was  measured  in  component  tests.  This  discrepancy  has  not  yet  been  resolved,  but  it  could  be  attributed 
either  to  changes  in  internal  flow  patterns  due  to  reduced  primary  dilution  jet  strength  (part  of  the 
normal  dilution  pressure  drop  was  used  for  impingement  cooling)  or  to  better  than  predicted  film  cooling 
effectiveness,  which  could  have  dominated  liner  cooling.  A  potential  drawback  with  design  schemes  to 
improve  external  convection  is  increased  pressure  drop  in  the  cooling  airflow,  which  affects  dilution  jet 
penetration  and  can  reduce  the  pressure  drop  available  for  turbine  cooling. 

Increased  smoke  due  to  reduced  fuel  hydrogen  content  can  be  offset  using  the  same  types  of  modifica¬ 
tions  that  are  used  to  reduce  flame  emissivity  by  minimizing  soot  formation.  Modifications  which  result 
in  a  leaner  or  more  uniformly  mixed  primary  zone  will  generally  reduce  smoke  formation  as  demonstrated  in 
Table  IV  and  Figure  4.  Conversely,  fuel  hydrogen  effects  on  liner  temperature  were  reduced  in  low  smoke 
configurations  of  the  conventional  annular  combustor,  as  shown  in  Figure  8. 
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Fluidity  and  Volatility 

Reduced  fuel  fluidity  and  volatility  affect  ignition  and  low  power  operation  by  increasing  the  time 
required  for  fuel  evaporation  and  changing  fuel  distribution  due  to  droplet  trajectory  effects.  These 
effects  can  be  offset  by  implementing  design  changes  to  reduce  droplet  evaporation  times,  increase  available 
time  for  evaporation,  or  otherwise  improve  combustion  conditions  by  controlling  combustor  primary  zone 
stoichiometry,  effective  volume,  and  mixing. 

Fuel  fluidity  effects  can  be  correlated  using  a  calculated  droplet  size,  which  increases  with  fuel 
viscosity,  surface  tension,  and  density.  Correlations  to  estimate  drop  sizes  are  available  for  pressure 
atomizing  [18]  and  airblast  [19,  2C]  injectors.  Fluidity  and  volatility  effects  can  be  combined  using  a 
droplet  lifetime  (xeb)  defined  as 

4eb  =  ^ 

where  SMD  is  initial  drop  size.  The  evaporation  coefficient,  8,  decreases  (thereby  increasing  igb)  with 
increasing  fuel  boiling  point,  energy  required  for  fuel  evaporation,  and  fuel  density.  The  evaporation 
coefficient  also  increases  with  increased  local  (primary  zone)  air  temperature  and  relative  velocity 
between  the  fuel  droplets  and  the  airflow.  Details  of  droplet  lifetime  calculations  are  given  in 
Reference  21. 

Changes  in  droplet  lifetime  due  to  fuel  effects  can  be  offset  by  modifying  the  fuel  injector  design. 
Appropriate  changes  normally  involve  a  reduction  in  nozzle  scale,  to  increase  fuel  pressure  drop  for 
improved  atomization  and  increased  droplet  velocities  in  pressure  atomizing  injectors,  and  to  provide  a 
thinner  film  or  fuel  jet  in  airblast  injectors.  However,  drop  size  is  not  the  only  important  fuel  injector 
variable.  Subtle  changes  in  injector  design  can  also  have  a  strong  (and  not  necessarily  predictable)  in¬ 
fluence  on  low  power  operation,  presumably  by  changing  the  initial  fuel  droplet  trajectories.  An  improved 
understanding  of  these  detailed  spray  effects  is  needed. 

Recent  tests  have  also  been  conducted  in  which  aroplet  lifetime  was  varied  by  changing  fuel  type  and 
temperature.  Effects  of  variation  in  fuel  type  and  temperature  on  minimum  pressure  for  ignition  at  altitude 
relight  conditions  and  on  combustion  efficiency  at  idle  are  shown  in  Figure  9.  These  same  data  are  ex¬ 
pressed  in  terms  of  droplet  lifetime  in  Figure  10.  In  the  case  shown,  the  50  percent  recovery  distillation 
temperature  was  used  for  fuel  boiling  point  and  a  constant  ambient  temperature  of  1000  K  was  assumed  for 
droplet  lifetime  calculations. 

Droplet  evaporation  times  can  also  be  reduced  by  maximizing  the  primary  zone  temperature.  During 
tests  of  modifications  of  the  selected  test  combustor,  it  has  been  observed  that  variations  in  fuel 
properties  become  less  important  as  fuel  flow  is  increased  to  the  point  where  the  primary  zone  is  stoichio¬ 
metric.  This  reflects  more  rapid  vaporization  due  to  both  improved  atomization  as  fuel  flow  is  increased 
and  to  increased  ambient  temperatures. 

In  general,  any  modification  which  tends  to  improve  ignition  and  low  power  performance  will  tend  to 
reduce  droplet  (or  fuel  fluidity/volatility)  effects.  Swirl  cup  or  dilution  modifications  to  provide 
improved  mixing,  near  stoichiometric  fuel-air  ratios,  strengthened  recirculation,  or  increased  residence 
time  within  the  combustor  primary  zone  will  all  tend  to  improve  ignition  and  low  power  performance. 

In  terms  of  fuel  injector  type,  recent  studies  conducted  at  General  Electric  have  generally  indicated 
that  sensitivity  to  fuel  evaporation  effects  is  lower  with  pressure  atomizing  fuel  injectors  than  with 
airblast  injectors  [5,  14].  However,  as  shown  in  Figure  11,  relative  drop  sizes  (relative  to  JP-4)  were 
virtually  the  same  for  the  FlOl  airblast  injector  as  for  the  J79-1/A  pressure  atomizing  injector  using  fuels 
that  varied  from  JP-4  to  No.  2  Diesel.  Drop  size  data  reported  in  the  literature  indicate  that  very  fine 
atomization  can  be  obtained  with  airblast  injectors,  even  at  altitude  ignition  conditions.  Therefore,  it 
is  thought  that  either  type  of  injector  can  be  used  successfully. 

Fuel  Thermal  Stability 


Fuel  nozzle  fouling  normally  occurs  either  at  the  fuel  nozzle  tip  or  at  the  flow  metering  valve.  The 
flow  metering  valve,  mounted  at  the  injector  inlet  to  provide  the  desired  fuel  flow/pressure  drop  charac¬ 
teristic,  is  normally  the  critical  element  with  respect  to  fouling.  The  operating  time  before  fuel  nozzle 
fouling,  as  measured  in  accelerated  fouling  tests  has  been  shown  to  correlate  with  a  temperature  parameter 
including  the  JFTOT  fuel  breakpoint  temperature  and  the  fuel  temperature  (as  shown  in  Figure  2.) 


Several  different  design  techniques  can  be  used  to  offset  poorer  fuel  thermal  stability  [22].  An 
obvious  method  is  to  reduce  the  fuel  temperature  by  the  same  amount  as  the  fuel  breakpoint  temperature 
reduction,  thereby  maintaining  the  same  temperature  difference.  In  the  case  of  ERBS  fuel  (Table  I),  the 
required  fuel  temperature  reduction  would  be  22  K.  Fuel  is  currently  used  as  a  heat  sink  to  cool  engine 
lube  oil.  Fuel  temperature  could  be  reduced  by  either  using  a  fuel-air  heat  exchanger  upstream  of  the  fuel 
nozzle  or  using  air  to  cool  the  lube  oil.  In  either  case,  weight,  complexity,  and  specific  fuel  consump¬ 
tion  penalties  ,,'nuld  result.  These  methods  would  not  be  applicable  for  supersonic  applications  due  to  high 
air  temperatures. 

Another  approach  is  to  modify  the  fuel  valve.  Fuel  metering  valves  are  mounted  on  the  injector  in 
several  current  engines,  where  they  are  directly  exposed  or  in  close  proximity  to  the  hot  combustor  inlet 
airflow.  Fouling  tendency  could  be  reduced  by  mounting  the  valves  on  the  cooler  fuel  manifold,  at  the 
cost  of  increased  fuel  system  fill  time.  Current  fuel  injectors  use  a  sliding  piston  type  valve.  In¬ 
creased  fouling  tolerance  could  be  obtained  by  using  a  larger  piston  valve  having  a  higher  ratio  of  valve 
area  (valve  opening  force  due  to  fuel  pressure)  to  wetted  perimeter  (resistance  force  due  to  fouling)  at 
the  cost  of  increased  weight.  The  use  of  huidic  valves  would  also  reduce  fouling  tendency. 
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Fuel  nozzle  tip  fouling  tendency  could  be  reduced  by  using  low  pressure,  airblast  type  fuel  injectors 
having  large  fuel  passages.  Improved  insulation  of  the  fuel  nozzle  tubes  where  they  penetrate  the  combustor 
inlet  flowpath  would  also  be  beneficial  to  prevent  fuel  heating  upstream  of  the  injector  tip. 

Increased  fuel  fouling  tendency  also  discourages  the  use  of  fuel  staging,  where  some  portion  of  the 
fuel  nozzles  are  shut  off  at  low  fuel  flows  corresponding  to  lightoff  and  low  power.  This  strategy  is  used 
to  promote  burning  by  providing  a  richer  local  mixture  in  the  vicinity  of  the  fueled  injectors.  When  fuel 
flow  is  interrupted,  there  is  no  cooling  of  the  injector.  Under  certain  conditions,  such  as  a  rapid  de¬ 
scent,  the  engine  can  be  hot  when  the  fuel  flow  is  low  enough  to  shut  off  some  of  the  nozzles.  Rapid 
heating  and  fouling  of  the  nozzles  can  then  occur. 

4.  CONCLUDING  REMARKS 

In  summary,  the  use  of  broadened-properties  fuels  imposes  several  conflicting  requirements  on  the 
combustor  designer.  In  terms  of  combustor  primary  zone  stoichiometry,  reduced  fluidity  indicates  the  use 
of  richer  conditions  for  ignition,  while  reduced  hydrogen  content  requires  leaner  conditions  for  reduced 
soot  formation.  This  conflict  could  be  resolved  by  using  fuel  staging,  but  fuel  staging  is  discouraged 
by  reduced  fuel  thermal  stability.  In  terms  of  fuel  injection,  use  of  pressure  atomizing  nozzles  and 
fuel  heating  will  offset  ignition  and  low  power  performance  decrements  due  to  reduced  fluidity,  while  the 
use  of  fuel  cooling  and  airblast  injectors  are  preferred  to  prevent  fuel  nozzle  fouling. 

Common  requirements  to  offset  both  fluidity  and  fuel  hydrogen  effects  are  improved  fuel  atomization, 
distribution,  and  mixing. 

Much  of  the  technology  which  has  been  developed  in  advanced  high-temperature  rise  combustor  develop¬ 
ment  programs  is  directly  applicable  to  design  of  fuel  flexible  combustors.  The  use  of  short,  compact 
combustor  flowpaths  having  low  liner  surface  areas  and  advanced  liner  construction  and  materials,  including 
thermal  barrier  coatings,  are  all  beneficial.  Also,  many  of  the  same  problems  encountered  due  to  the  high 
fuel-air  turndown  ratio  (maximum  fuel-air  ratio  divided  by  the  minimum  fuel-air  ratio)  in  high  temperature 
rise  combustors  are  similar  to  the  increased  difficulty  of  operation  both  at  high  and  low  power  with  broad¬ 
ened-properties  fuels. 

For  the  specific  case  evaluated  in  the  current  NASA/General  Electric  program,  involving  a  single 
annular  combustor  burning  ERBS  fuel,  it  has  been  concluded  that  satisfactory  performance  and  operating 
characteristics  could  be  obtained,  with  no  life  reduction  relative  to  the  baseline  combustor  operated  on 
Jet  A,  by  implementing  retrofittable  modifications  to  the  baseline  combustor  design.  Specific  modifica¬ 
tions  to  offset  reduced  fuel  hydrogen  content  included  installation  of  thermal  barrier  coatings  on  the 
combustor  dome  and  liners  and  relocation  of  primary  dilution  holes  to  the  first  panel  of  the  combustor 
liners.  An  additional,  optional,  modification  to  further  improve  performance  would  be  the  use  of  a  re¬ 
vised  fuel  nozzle  flow  schedule  in  which  a  larger  proportion  of  the  fuel  would  be  supplied  to  the  primary 
orifice  of  the  fuel  nozzle  at  high  power  conditions.  No  modifications  were  recommended  specifically  for 
low  power  operation,  since  the  ERBS  fuel  fluidity  and  volatility  were  only  slightly  poorer  than  the  base¬ 
line  Jet  A.  Fuel  staging  at  lightoff  and  idle,  as  used  in  the  baseline  combustor,  was  retained.  Fuel 
nozzle  fouling  would  not  be  expected  to  be  a  problem  in  this  application  with  a  fuel  meeting  the  ERBS 
specification. 

Work  is  continuing  to  define  more  extensive  combustor  design  modifications  for  improved  fuel  flexi¬ 
bility  and  applicable  to  more  severe  growth  engine  cycle  operating  conditions.  Specific  goals  are  to 
eliminate  the  requirement  for  fuel  staging  and  to  incorporate  an  improved  airblast  fuel  injector/ swirl 
cup  assembly  for  fuels  having  poor  thermal  stability.  The  design  strategy  is  to  reduce  primary  zone  air¬ 
flow  to  provide  lower  velocities  and  richer  mixtures  for  good  ignition  and  low  power  performance.  Smoke- 
free  operation  at  high  power  levels  will  depend  on  improved  fuel  injector/swirl  cup  atomization  and  mixing 
performance.  Evaluation  of  a  quasi-transpiration  cooled  liner  is  also  planned. 

A  key  need,  both  for  fuel  flexibility  and  for  high  temperature  rise  combustors,  is  to  develop  improved 
fuel  injector/swirl  cup  models  and  design  procedures,  and  to  obtain  a  more  thorough  understanding  of  the 
interaction  between  swirl  cup  and  primary  dilution  flows.  Current  combustor  development  practice  involves 
extensive  development  testing  to  obtain  a  satisfactory,  but  not  necessarily  optimum,  definition  of  fuel 
injector/ swirl  cup  system  and  liner  dilution  design  features.  With  improved  analytical  design  procedures, 
these  combustor  design  features  could  be  more  nearly  optimized,  thereby  providing  increased  performance 
margins  to  accommodate  poorer  fuels  and  more  severe  operating  conditions  without  radical  changes  to  current 
designs. 

Ultimately,  in  order  to  satisfy  increasing  requirements  for  fuel  flexibility  and  higher  temperature 
rise,  it  will  probably  be  necessary  to  use  an  advanced  system,  such  as  the  double  annular  or  variable 
geometry  combustor  concept.  The  variable  geometry  combustor  has  been  selected  as  the  preferred  concept 
for  continued  development  in  the  NASA/General  Electric  program.  The  double  annular  combustor  was  dropped 
from  the  current  study,  primarily  because  of  potential  fuel  nozzle  fouling  due  to  the  fuel  staging  require¬ 
ment.  However,  the  double  annular  concept  was  successful  in  that  it  was  virtually  unaffected  by  fuel  hydrogen 
content  at  high  power  conditions.  Variable  geometry  development  is  also  being  concentrated  on  development  of 
an  improved  variable  airflow  fuel  injector/swirl  cup  system  configuration  to  provide  good  performance.  Here 
again,  availability  of  Improved  fuel  injector/swirl  cup  system  design  procedures  represents  an  Important  need. 
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Table  I.  Teat  Fuel  Speclflcationa  and  Properttea. 


Fuel  Type 

Properties 

Wide 

Cut  (JP-4) 

Kerosine  (Jet  A) 

ERBS 

APf 

Properties 

Speci ficdtions 

Properties 

Specifications 

Properties 

Spec i f i cat  ions 

Spec  1 Ficat ions 

Compos  1 1 i on 

-  Aromatics ,  Vol  . 

12 

25  (Max) 

18 

25  (Max) 

31 

-  Hydrogen  Content,  Wt.  . 

14.4 

-- 

14.0 

-- 

12.9 

12.8  +  0.2 

13.2  ♦  0.2 

V 0 1  at  1 1  i 

-  Distillation,  K 

10 

366 

467 

478  (Max) 

466 

478  (Max) 

478  (Max) 

20. 

381 

418  (Max) 

475 

-- 

472 

-- 

.. 

FBP 

534 

543  (Max) 

539 

573  (Max) 

596 

589  (Max) 

-- 

F I  u  1  d  i  tjr- 

-  Freezing  Poi nt ,  K 

215 

215  (Max) 

231 

233  (Max) 

245 

244  (Max) 

243  (Max) 

'  Viscosity  3  250  K,  c5 

2.2 

-- 

6.4 

9  (Max) 

7.5 

1?  (Max) 

12  (Max) 

Thermal  Stability 
-  JFTQT  Breakpoint 

533^  (Min) 

533^(Min) 

511  (Min) 

503  (Min) 

Temperature,  K 

^  Commercidl  Specifications  Allow  Retest  At  518  K 


Table  II.  Fuel  Hydrogen  Content  Effecta. 

e  Evaluation  at  Takeoff  Operating  Condltlona 
e  Effect  of  Reduction  from  14%  to  13%  Fuel  Hydrogen  Content 


★ 

Liner  metal  temperature  minus  combustor  inlet 

air  temperature 

Tiblo  III.  Rongo  of  Toot  Fuol  Proportloo. 

Properties 

Minimum  Value 

Maximin  Value 

Compos i tion 

-  Aromatics,  Vol .  % 

12.3  (JP-4) 

59.7  (ERBS  11.8) 

-  Hydrogen  Content,  Wt.  % 

11.70  (ERBS  11.8) 

14.35  (jP-4) 

Volatility 

-  Distillation,  K 

10% 

367  (JP-4) 

494  (0F2) 

50% 

431  (JP-4) 

573  (DF2) 

90% 

503  (JP-4) 

593  (DF2) 

Fluidi ty 

-  Viscosity  (310  K),  cS 

0.84  (JP-4) 

2.73  (DF2) 

-  Freezing  Point,  K 

216  (JP-4) 

261  (DF2) 

BaseHne 
Swirl  Cup 


Alrblast/Radial 
Swirl  Cup 


Swirl  Strength 

Low 

High 

Spray  Angle 

Narrow 

Wide 

Takeoff  Smoke  Number 

13.6 

6.7 

Takeoff  Liner  Temperature,  K 
-  Maximum 

1133 

1224 

-  Average 

1005 

1092 

Takeoff  NO^  Emission,  g/kg 

31.7 

30.4 

Idle  Combustion  Efficiency,  % 

99.5 

97.6 

Idle  Blowout  Fuel-Air  Ratio,  g/kg 

5.7 

4.2 

Minimum  Llgfttoff  Temperature, 
(Nominal  Fuel  Schedule) 


Table  V.  Primary  Ollullon  Location  Effacia 


Primary  Dilution  Flow,  % 

-  Panel  1 

-  Panel  2 
Takeoff  Smoke 

Takeoff  Liner  Temperature,  K 

-  Maximum 

-  Average 

Takeoff  NOx  Emission,  g/kg 
Idle  Combustion  Efficiency,  % 

Idle  Blowout  Fuel-Air  Ratio,  g/kg 


and  J86  V 

/ 

_  / 


1.0  1.2  1.4  1.6 

Relative  Spray  Droplet  SUe 
(Sauter  Mean  Diameter  Relative  to  JP'4  Spray) 

Figure  1.  Fuel  Effacta  on  Minimum  Ambient 
Temperature  lor  Ground  Start. 


Baseline 

Lean 

Primary  Zone 

0 

4.9 

9.9 

5.4 

41.2 

13.6 

1119 

1133 

1017 

1005 

26.7 

31.7 

98.6 

99.5 

4.2 

5.7 

□  JP-8 
O  ERBS 


100exp(X  /  10)' 


e  /  Valve  Hysteresis 

c  '  ■  y'  ^  Cq  .  229,9  K 

ft  ^  ^  C,  -  0.407 

S  Tp  =  Fuel  Temperature 

/  Top  »  JFTOT  Breakpoint 
/  Temperature 

O.ll - 1 - 1 - 1 - — 

-80  “60  -40  -20 

Weighted  Temperature  Parameter.  K 
(Cq  +  Ci  Tbp-  Tp) 

Figure  2.  Effect  of  Fuel  Thermal  Stability 
on  Fuel  Noasle  Valve  Life. 


, —  30  Dual  Orifice 
/  Fuel  injectora 


Counterrotating 


Short  Dump 


Machined  Ring 


Smoke  Number 


Film  CooUng 


-  Impingement 
Cooling 


^ - 

Figure  7.  Inpingement/Fllm  Cooling 


Takc;otf  Smoke  Number  (ERBS  12.8) 


Figure  8.  Correlation  Between  Smoke  Level  and  Liner 
Temperature  Benaitlvlty  to  Fuel  Hydrogen 
Content  (Takeoff  Operating  Conditlona). 


275  300  325  350  375 

Fuel  Temperature.  K 

Effect  of  Fuel  Type  end  Tempereture  on  Idle 
Combuetlon  Efficiency  end  Altitude  Relight  /gteblllty. 


Teb  /Teb  Relative  Droplet  Lifetime 

Figure  10.  Effect  ol  Droplet  Lifetime  on  Idio  Combuetlon 
Efficiency  end  Altitude  Rellght/Slebitity. 


a:  1'  ■  O /  Spray  Droplet  Sliea  are 

^  0  Sauter  Mean  Oiemetara 

Relative  fo  JP-A  Spray 

10^-- - 1 - 1  '-—I - 1 - 

1.0  1.1  1.*  13  1.4  l.S 

Relative  Spray  Droplet  SIxe 
for  Preeauro  AtomlzHig  Noxxle  (J7g-17C) 

Figure  11.  Ceetparlaon  of  RglaIHra  Droplel  Sitae  for  Preeeure 
Alemliing  and  AIrblael  Fuel  Inluelere. 
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DISCUSSION 


S.Wiftig,  Ge 

In  calculating  the  droplet  lifetime  you  used  the  SMD.  The  SMD,  however,  does  not  characterize  the  droplet  size 
distribution  which  may  vary  with  fuel  composition.  What,  in  your  opinion,  could  be  the  effects  of  varying  size 
distributions  on  your  results? 

Author’s  Reply 

Droplet  size  distribution  will  certainly  affect  combustor  performance  and  operating  characteristics,  probably  in 
much  the  same  way  that  volatility  distributions  (or  distillation  curves)  do. 

In  this  respect,  for  example,  a  10  percent  droplet  size  could  be  defined  (representing  the  smaller  droplets)  which 
would  be  analogous  to  the  10  percent  recovery  point  on  the  distillation  curve.  It  would  then  be  possible  to 
evaluate  ignition  based  on  the  10  percent  droplet  size  and  10  percent  recovery  temperature,  while  combustion 
efficiency  could  use  the  90  percent  droplet  size  and  90  percent  recovery  temperature. 

I  should  point  out  that  the  SMD  values  used  for  this  study  were  calculated  from  existing  empirical  correlations. 
They  were  not  measured.  Therefore,  actual  size  distributions  were  not  known.  We  are  currently  developing 
droplet  size  measurements  for  several  of  our  fuel  injector/swirl  cup  systems. 

It  is  obvious  from  the  correlations  presented  in  the  paper  that  SMD  is  very  useful  in  correlating  data  where  fuel 
type  and  temperature  are  varied,  but  the  combustor  hardware  is  not  changed.  However,  for  a  hardware  change 
such  as  using  a  different  fuel  injector,  droplet  size  distribution,  velocity  distribution,  and  trajectory  distribution 
could  all  be  important. 


G.Winterfeld,  Ge 

The  dual-orifice  injector  displayed  in  the  paper  shows  a  very  narrow  spray  angle  which  could  give  rise  to  higher 
fuel  concentration  in  the  center  of  the  primary  zone  with  detrimental  effects  on  emissions,  e.g.  hydrocarbon 
emissions.  Can  you,  please,  comment  on  that  problem? 

Author’s  Reply 

The  figure  showing  the  dual  orifice  atomizer  is  schematic.  However,  the  actual  atomizer  does  produce  a  rather 
narrow  spray  from  the  primary  orifice.  I  believe  that  this  narrow  spray  is  actually  important  in  reducing  hydro¬ 
carbon  emissions.  As  shown  in  the  paper,  a  swirl  cup  modification  which  produced  a  wider  spray  actually 
increased  hydrocarbon  emissions  (as  evidenced  by  decreased  combustion  efficiency).  With  the  wider  spray, 
unbumed  or  partially  burned  fuel  can  be  quenched  by  the  relatively  cool  film  cooling  air  adjacent  to  the 
combustor  walls. 
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SUmiAST 

*Ihe  effects  of  Tariatlons  in  properties  and  characteristica  of  liquid  hydrocarbon-base  fuels  in 
gas  turbine  engine  combustors  was  Inyestigated.  Baseline  fuels  consisted  of  milltsry-specification 
materisls  processed  from  petroleum  and  ahale  oil.  Eiperimental  fuels  were  comprised  of  liquid  petroleum 
blends  that  were  prepared  specifically  to  eihibit  desired  physical  and  chemical  properties.  These  fuels 
were  assessed  for  their  influence  on  ignition  and  performance  characteristics  in  combustors  of  the  FIDO, 
TF30,  and  J$7  (TF33)  engines  at  simulated  operating  conditions.  In  general,  during  relatlsely  short 
duration  testa,  combustor  ignition  and  performance  became  increasingly  poorer  as  fuel  quality  desisted 
from  specification  or  historical  taluss.  ^ 


HOHEHCUTUEE 

B 

COP 

FCP 

FPE 

LSP 

PF 

'■■■a 

SOS 

ref 

SG 

SHD 

Spec 

Tu 

U 

VI 

0 

P 

n 

p 

I 


Hass  transfer  number  in  equations  (1)  and  O) 
Combustor  operating  parameter  in  equation  (2) 

Fuel  characterization  parameter  in  equation  (II 

Fuel  characterization  parameter  ratio  in  equation  i«i 

Liner  severity  parameter  In  equation  i(i 

Pattern  factor  In  squat  loi.  ISI 

Prandtl  number  of  «ir  in  equation  i2i 

Selstive  droplet  size  in  equation  ili 

leference.  or  referee 

Specific  grtfi'i  in  aimn  . 

Ssuter  mean  Hamster  ,a’  .  'tit  and  't' 

Spec  I f 1  cat  ion 

Percent  turbulenre  intenaity  in  equation 
Free  stream  air  velocity  in  equation  (71 
Vaporization  indez  in  equation 
gquIvalsBcs  ratio 
Density  of  sic  in  equation  (2) 

Density  of  fuel  In  equation  (3) 

Dynamic  viscosity  of  air  equation  (2) 


1 .  imODOCTION 

Gas  turbine  engines  for  military  aircraft  have  been  designed  and  developed  historically  to  operate 
on  high-quality,  liquid  hydrocarbon  fuels  produced  to  very  electing  apeclflcstlona .  These 
specifications  were  formulated  as  a  compromise  between  desired  performaeca  characteristics  of  the  fuel 
and  the  eoacurrsncs  of  the  processor  to  supply  the  quantities  of  fuel  needed  at  an  acceptable  price 
using  available  technology.  The  specif Icatloas  ware  coavosed  at  a  tiam  when  crude  oil  was  plentiful  and 
cheap.  Consaquantly,  values  of  selected  physical  and  chemical  properties  wars  chosen  that  were 
sufficiently  eonssrvativa  to  fully  accoaodata  the  most  eitrams  enviroamantal  coaditioas  under  which 
current  and  future  turbine-powered  military  aircraft  might  operate.  In  1473,  before  the  oil  ambargo, 
ref  1  oars  wars  supplying  high-quality  Jet  fuel  to  the  military  services  for  approiimatsly  eleven  cents 
per  gallon;  the  Air  Forca'a  bill  at  that  time  for  143  million  barrals  of  turbine-eagina  fuel  was  lass 
than  600  million  dollars  (Eafsraaca  1). 

The  spocificatlons  sstablishsd  in  the  pre-ambargo  era  assantially  committed  operational  aircraft 
anginas  and  those  both  under  development  and  on  the  drawtag  boards  to  use  high-quality  fuel  during  their 
lifetimes.  Because  of  the  ready  availability  of  such  fuel  at  that  time,  the  specifications  were  not 
optlmlaad  using  sensitivity  tradeoffs  relating  the  values  of  key  fuel  properties  to  the  operation  and 


psrformancs  of  ensins  components  and  systems.  Few  such  tradeoff  studies  had  either  been  conducted  or 
documented.  As  a  consequence,  there  is  concern  that  in  the  light  of  today's  economic  and  energy 
situations,  the  established  fuel  specifications  might  be  too  rigid:  possibly  limiting  the  asailabllity 
of  the  jet-fuel  supply  and  contributing  to  its  high  cost.  In  1982,  the  price  of  a  gallon  of  jet  fuel 
supplied  to  the  Air  Force  bad  been  escalated  to  $1.30;  the  annual  bill  for  the  95  million  barrels  used 
was  o»er  five-billion  dollars  (Reference  2).  There  is  also  concern  that  portions  of  the  specification 
might  be  too  loose  and  need  to  be  made  more  restrictive;  this  type  of  change  might  again  tend  to  limit 
fuel  availability  and  increase  its  price. 

Consequently,  for  several  years  the  Department  of  Defense  has  been  sponsoring  fuel-accommodation 
investigations  with  gas  turbine  engine  manufacturers  and  supporting  organizations  to  quantify  the  effect 
of  changes  in  fuel  properties  and  characteristics  on  the  operation  and  performance  of  military  engine 
components  and  systems.  Inasmuch  as  there  are  major  differences  in  hardware,  between  the  operational 
engines  in  the  Air  Force  and  Navy  inventories,  due  to  differences  in  design  philosophy  and  requirements, 
efforts  were  initially  expended  to  acquire  fuel-effects  data  from  rigs  simulating  the  hot-sections  of 
these  different  engines.  Correlations  were  then  sought  using  the  data  acquired  to  produce  more  general, 
generic  relationships  that  could  be  applied  to  all  military  gas  turbine  engines  regardless  of  their 
origin.  Finally,  models  could  be  developed  from  these  correlations  that  could  predict  the  effect  of 
fuel  property  changes  on  current  and  future  engines. 

This  paper  describes  some  of  the  work  performed  by  Pratt  A  Whitney  Aircraft  under  Defense 
Department-sponsored  fuel-effects  programs.  The  experimental  work  was  conducted  using  hot-section 
components  from  the  F1(X>,  TF30,  and  TF33  engines.  The  analytical  effort  incorporated  data  obtained  from 
tests  of  these  components  as  well  as  data  obtained  by  other  investigators  from  rig  tests  of  their  engine 
hot-section  components.  Reference  has  bean  made  in  the  text  to  contractor  reports  in  which  the 
experimental  results  and  data  cited  in  this  paper  have  been  taken. 

2.  TEST  PROGRAMS 

Two  test  and  evaluation  programs  were  conducted  to  determine  the  impact  of  jet  fuel  property 
variations  on  the  ignition  and  performance/durability  characteristics  of  three  combustion  systems  used 
in  current  operational  military  alrcraf  .  One  investigation  addressed  the  FlOO  engine,  which  is  used  in 
the  Air  Force's  F-15  and  F-16  aircraft,  and  the  TF33  engine,  which  is  used  in  the  Air  Force's  B-S2R, 
C-13SB,  C-iai  and  E-3A  aircraft.  The  other  investigation  addressed  the  TF30  engine  that  is  used  in  the 
Navy's  F-ia  aircraft.  Both  programs  were  performed  using  test  rigs  comprised  of  engine  combustion 
system  hardware. 

Tests  were  conducted  at  conditions  that  closely  simulated  thvse  of  the  three  engines  under 
investigation  using  the  experimental  fuels  that  are  described  later.  Ignition  tests  were  conducted  for 
both  sea-level  (groundstart)  and  altitude  (airstart)  operation  over  a  range  of  fuel  temperatures.  For 
the  airstart  test  program,  simulated  altitude  conditions  were  selected  from  windmilling  maps  of  each 
engine;  these  maps  are  shown  id  References  3-6.  Performance  tests  were  conducted  at  four  simulated 
power  settings.  Rig  test  conditions  are  shown  in  Table  1.  For  the  F1(X)  and  TF30  rigs  these  settings 
corresponded  to  idle,  cruise,  takeoff  and  dash.  For  the  TF33  rig,  the  settings  corresponded  to  idle, 
takeoff,  and  two  cruise  conditions;  a  second  cruise  condition  was  substituted  for  the  high-altitude  dash 
because  the  TF33  is  not  used  in  fighter  applications. 


Table  1.  Nominal  Operating  Conditions  for  Performance/Durability  Rig  Tests 


Inlet  Air 

Inlet  Air 

Inlet  Airflow 

Rig 

Condition 

Temp,  E 

Press,  kPa 

Rate,  kg/s 

TF30 

Idle 

440 

370 

2 

Takeoff 

750 

1790 

6 

Cruise 

620 

900 

3 

Dash 

790 

1560 

5 

FlOO 

Idle 

490 

450 

4 

TaUoff 

700 

1160 

8 

Cruise 

810 

1470 

10 

Dash 

900 

1480 

10 

TF33 

Idle 

360 

210 

2 

Takeoff 

550 

430 

4 

Cruise  1 

600 

530 

4 

Cruise  2 

660 

1260 

10 

3.  COHBOSTOI  HASDHAU 

Five  malnburner  test  rigs  were  used  in  conducting  the  experimental  programs.  A  90-degree  sector 
rig  was  used  for  determining  both  ignition  and  performance  characteristics  of  the  FlOO  combustor.  Full 
sets  of  cans,  in  annular  arrangements,  were  used  for  Ignition  testing  of  the  TF33  and  TF30  combustors; 
perfonssoes  testing  was  sccomplisbsd  using  single  cans. 

The  FlOO  burner  rig  consisted  of  s  diffuser  case,  an  instrumented  cosdiustor,  and  four, 
engine-quality  alrblest  fuel  injectors.  The  rig  was  fabricatea  by  cutting  the  appropriate  sector  from 
an  engine  diffuser  case  and  combustor  and  attaching  louver-cooled  sidewalls  to  both.  The  engine  burner 
is  shown  schematically,  in  cross  section,  in  Figure  1.  The  liner  was  inatrumeotad  with  chromel-alumel 
thermocouplss  distributed  axially  and  clrcumferentlslly  to  acquire  temperature  gradient  data  for 
estimating  combustor  liner  life.  A  detailed  description  of  the  rig  is  provided  in  Reference  4. 


Two  rigs  were  used  In  the  TP33  test  progran.  The  ignition  rig  was  comprised  of  eight  cane  joined 
together  with  dome-located  cross-o?er  tubes  in  an  annular  arrangement  within  an  engine  case;  each 
combustor  was  equipped  with  six  pressure-atomlxing  fuel  injectors.  Engine  igniters  driven  by  engine 
exciter  boxes  supplied  the  energy  and  spark  rate  for  ignition  to  two  of  the  cans.  The  performance  rig 
consisted  of  a  single  instrumented  can,  equipped  with  fuel  Injectors,  mounted  in  a  containment  vessel 
that  simulated  a  aS-degree  segment  of  the  engine  case;  and  an  inlet  duct  and  transition  duct  constructed 
from  actual  engine  hardware.  The  combustor  can,  shown  in  Figure  2,  was  instrumented  with  thermocouples 
and  small-diameter  tubes  to  obtain  liner  temperatures  and  static  pressures,  respectively.  The  combustor 
rigs  are  described  in  detail  in  Reference  4. 

Two  rigs  were  also  used  in  the  TF30  test  program.  The  ignition  rig  was  comprised  of  eight 
interconnected  cans  in  an  annular  arrangement  within  an  engine  case;  each  combustor  was  equipped  with 
four  pressure-atomizing  fuel  injectors.  Two  of  the  cans  were  adapted  with  engine  igniters  driven  by 
exciter  boxes  that  simulated  the  energy  and  spark  rate  of  the  engine  system.  The  performance  rig,  shown 
in  Figure  3,  consisted  of  a  single  instrumented  can  equipped  with  fuel  injectors,  mounted  in  a  case, 
with  inlet  and  translation  ducts,  simulating  one-eighth  of  the  full-annular  flowpath  of  the  engine.  The 
combustor  liner  and  transition  duct  were  Instrumented  with  thermocouples  to  obtain  information  from 
which  liner  life  could  be  estimated.  In  addition,  the  can  and  transition  duct  were  fitted  with 
small-diameter  tubes  for  obtaining  liner  static  pressure  measurements.  The  combustor  rigs  are  described 
in  detail  in  References  3  and  S. 

4.  TEST  FDELS 

A  total  of  21  liquid  hydrocarbon  fuels  in  three  categories  were  selected  for  use  in  the 
fuel-effects  programs.  The  first  category  was  comprised  of  jet  fuels  made  to  military  specifications 
from  both  petroleum  and  shale  oil.  These  served  as  referee  fuels  primarily  to  establish  baseline  values 
of  combustor  operating  characteristics.  The  second  category  consisted  of  two  sets  of  nonspecification 
fuels  produced  from  petroleum.  These  fuels  were  blends  of  refinery  streams  that  were  proportioned  to 
exhibit  pronounced  variations  in  values  of  selected  properties.  The  properties  addressed  were  those 
that  were  predicted  to  most  significantly  Influence  combustor  ignition  and  performance.  The .  third 
category  included  blended  fuels  that  were  prepared  primarily  to  represent  reduced-quality  petroleum 
refinery  products  or  emergency  fuels.  These  ware  incorporated  into  the  programs  primarily  for  their 
holistic  impact. 

Six  fuels  were  included  in  the  first  category.  Two  were  produced  to  JP-4  specifications  and  four 
were  made  to  JP-S  specifications.  One  of  the  JP-4  fuels  and  one  of  the  JP-5  fuels  were  prepared  from 
oil  shale;  the  remainder  were  prepared  from  petroleum.  Representative  properties  of  the  referee  fuels 
are  shown  in  Table  2  relative  to  JP-4  and  JP-S  specification  values;  detailed  property  information  is 
provided  in  References  3-6. 


Table  2.  Selected  Properties  of  Referee  Fuels 


ru«l  l«f«r«ac«  No. 
Pool  Tfpo 

2-1 

JP-4 
(Spae. ) 

2-2 

JP-4 

2-3 

JP-4 

<Shala) 

2-4 

JP-5 

(Spat.) 

2-5 

JP-5 

2-6 

JP-5 

2-7 

JP-5 

2-8 

JP-5 

(Shala) 

Hydroson  Contont, 

1  wt 

13.6* 

14.54 

14.39 

13.5* 

13.93 

13.79 

13.81 

13.85 

droMticf  Contont, 

%  TOl 

25.0** 

11.1 

10.1 

25. 0** 

15.9 

15.8 

22.6 

24.0 

?lteoaltp, 

- 

0.97(294K) 

1.28(294K) 

8.5(2531)** 

2.29<289K) 

1.58(311K) 

2.04(289K) 

2.00(289K) 

SpoeIfU  Cravitp 
■t  2811 

0.7S1-0.802 

0.760 

0.781 

0.788-0.845 

0.815 

0.817 

0.809 

0.807 

Initial  Boillnt 

Points  K 

- 

293 

273 

- 

431 

454 

450 

459 

101  Boeoffory  Taap,  K 

- 

358 

400 

478*» 

470 

472 

466 

467 

201  Bacorary  Toap,  K 

418** 

374 

421 

- 

474 

471 

469 

SOI  Baeovary  Taap,  I 

463** 

431 

458 

- 

489 

482 

480 

901  Baeovary  Taiv.  B 

S18** 

495 

500 

- 

516 

516 

509 

505 

End  Point,  K 

543** 

589 

593 

563** 

535 

534 

529 

527 

Proofint  Point.  K 

215** 

214 

214 

227** 

227 

223 

227 

227 

Plaah  Point,  K 

- 

333* 

338 

335 

339 

339 

Haat  of  Coabuation, 
HJ/U 

42.8* 

43.401 

43.469 

42.6* 

43.260 

43.041 

43.100 

43.144 

•  Hlnlmiia  acceptable  values 
••  nastaua  acceptable  values 
■o  value  specified 


The  second  cetegory  consisted  of  eight  fuel  blende  In  two  sets.  The  first  set  contained  four 
fuels  that  were  ealaeted  to  exhibit  perematrie  rarietlons  in  those  properties  indicated  to  impact 
ignition  characteristics  most  significantly.  The  properties  of  primary  interest  in  the  preperetlon  of 
these  Ignition  fuels  were  viscosity  and  volatility.  Three  of  the  fuel  blends  were  produced  to  exhibit 


spaclflsd  variations  in  these  two  properties,  including  one  blend  for  evaluating  the  significance  of  the 
shape  of  the  front  end  of  the  distillation  curve.  The  fourth  fuel  was  selected  for  evaluating  chemical 
affects,  related  to  aromatic  structure,  on  ignition  characteristics.  The  second  set  of  four  fuels  was 
produced  to  evaluate  the  sensitivity  of  combustor  performance  characteristics  to  variations  in  fuel 
properties.  These  characteristics  included  pattern  factor,  liner  durability,  exhaust  gas  objectionable 
emission  concentrations,  and  combustion  efficiency  at  low-power  operation.  Key  properties  operated  on 
to  produce  the  performance  fuel  blends  were  viscosity,  aromatics  content  and  type,  hydrogen  content,  and 
volatility.  Pertinent  properties  of  the  ignition  and  performance  fuels  are  sho%ni  in  Table  3.  Properties 
of  the  seven  blending  stocks  that  were  used  in  preparing  the  test  fuels,  as  well  as  detailed 
characteristics  of  the  test  fuels,  are  provided  in  Reference  4. 


Table  3.  Selected  Properties  of  Ignition  and  Performance  Fuels 


lanitlon  fuels 


Performance  Fuels 


Fu^I  So/»r0oc0  No. 

3-1 

3-2 

3-3 

3-4 

3-5 

3-6 

3-7 

3-8 

Hydros*^  CoDtont.  \  wt 

14.24 

13.44 

14.04 

12.27 

13.44 

12.94 

11.56 

11.50 

Aroaatict  CoDtant,  1  fol 

10.5 

27.5 

13.8 

55.4 

20.1 

34.7 

61.6 

45.5 

Naphthalana  Cootant,  1  fol 

2.1 

0.7 

0.7 

0.4 

2.8 

3.8 

4.0 

14.9 

Vifcoalty,  an^/a 

239K 

Solid 

3.46 

6.74 

1.73 

8.11 

5.60 

18.8 

Solid 

244K 

5.56 

3.03 

5.68 

1.50 

6.56 

4.25 

12.6 

Solid 

273K 

2.55 

1.66 

2.55 

0.96 

2.83 

2.09 

4.34 

4.93 

294K 

1.71 

1.17 

1.71 

0.74 

1.87 

1.46 

2.65 

2.85 

311K 

1.33 

0.94 

1.32 

0.62 

1.42 

1.16 

1.93 

2.03 

I  (K)  at  1  Bacofarad 

10 

370 

395 

459 

365 

432 

368 

430 

470 

20 

399 

422 

462 

384 

452 

394 

435 

481 

SO 

509 

456 

473 

419 

482 

461 

483 

522 

90 

542 

499 

494 

442 

522 

575 

611 

581 

Spaclflc  Grafity  at  288K 

0.789 

0.796 

0.801 

0.795 

0.817 

0.814 

0.879 

0.886 

Praaslas  Point.  K 

244 

216 

225 

204 

226 

239 

235 

253 

Plaab  Point,  t 

315 

319 

313 

336 

Haat  of  Coabuation.  HJ/fcs 

43.287 

43.001 

43.232 

42.560 

42.818 

42.537 

41.212 

41.451 

Tha  third  catasory  was 

comprised  of  seven 

petroleum-base  blends . 

Four  ware 

prepared 

from  refinery 

streams  to  be  representative  of  product  ion-type,  relaxed-specification  jet  fuels.  The  remaining  three 
were  selected  to  be  representative  of  emergency  fuels.  One  of  the  emergency  fuels  was  a  No.  2  fuel  oil; 
the  other  two  were  blends  of  nonaviation  fuels  and  specification-grade  JP-5.  Some  of  the  principal 
properties  of  these  fuels  are  shown  in  Table  4.  Detailed  physical  and  chemical  properties  of  these 
fuels  are  provided  in  Reference  S . 


Table  4.  Selected  Properties  of  Relaxed-Speclflcation/Emergency  Fuels 


Relaxed-Specification  Fuels  _ Emerxencv  Fuels 


Fuel  Reference  No. 

4-1 

4-2 

Hydrogen  Content,  t  wt 

13.36 

13.48 

Aroautics  Content,  t  vol 

28.5 

19.8 

Viscosity,  nra^/s  at  311K 

1.78 

2.27 

Specific  Gravity  at  288K 

0.830 

0.836 

Initial  Boiling  Point,  K 

436 

441 

lot  Recovery  Temp,  K 

463 

soo 

sot  Recovery  Temp,  K 

S49 

54S 

End  Point,  K 

S70 

SS4 

Freezing  Point,  K 

243 

249 

Heat  of  Combustion,  MJ/kg 

42.648 

42.798 

Flash  Point,  K 

330 

344 

*  Mo.  2  fuel  oil 

**  201  (vol)  bydrocracked  gas  oil  *  80t  (vol)  JP-S 

***  sot  (vol)  Diesel  Fuel  Marine  *  SOt  (vol)  JP-S 


4-3 

4-4 

4-5» 

4-6»* 

4-7*.* 

13.66 

13.82 

13.22 

12.83 

13.54 

22.8 

18.6 

25.9 

26.4 

18.6 

1.62 

1.74 

2.60 

1.77 

2.06 

0.819 

0.817 

0.839 

0.847 

0.830 

444 

4S3 

426 

466 

453 

46S 

47S 

491 

477 

477 

S34 

S37 

590 

545 

570 

S49 

SSS 

606 

561 

596 

239 

239 

270 

242 

263 

42.919 

42.961 

42.706 

42.392 

42.873 

332 

342 

346 

344 

349 

For  ease  of  identifying  the  various  test  fuels  throughout  the  test,  all  of  the  fuels  in  the  three 
tables  have  been  assigned  two-digit  reference  numbers.  The  first  digit  refers  to  the  table  number  and 
the  second  digit  to  the  reference  number  of  the  fuel  in  the  table.  For  example,  the  shale-base  JP-S 
referee  fuel  in  Table  2  is  Fuel  2-8,  and  the  emergency  fuel  comprised  of  Diesel  Fuel  Marine  and  JP-S  is 
Fuel  4-7. 

5 .  TEST  RESULTS 

A  significant  amount  of  experimental  data  was  obtained  during  the  conduct  of  the  fuel-effects 
programs.  No  attempt  will  be  made  in  this  paper,  however,  to  present  all  of  the  data  acquired  for  the 
combustor  rigs  and  21  fuels  investigated;  this  information  is  contained  in  contractor  final  reports 
(References  3-6).  The  objective  of  this  paper  is  to  provide  a  condensation  of  these  reports,  supplying 
representative  results  from  the  ignition  and  performance  investigations.  These  results  include  both 
input  -  output  information  and  correlations  depicting  fuel-property  effects  on  combustor  rig 
characteristics . 

(a)  6ROUNDSTART  IGNITION 

Groundstart  ignition  testing  was  conducted  over  a  range  of  airflow  rates  to  determine  the  minimum 
fuel  flow  at  which  stable  ignition  could  be  achieved  in  a  given  combustor  rig.  For  the  can-annular 
arrangements,  stable  ignition  was  considered  attained  when  all  combustors  lit  within  30  seconds  after 
fuel  flow  had  been  initiated.  Fot  the  sector  burner,  stable  ignition  was  considered  achieved  if  burning 
was  observed  directly  downstream  of  each  of  the  four  injectors  within  30  seconds  of  fuel  Initiation. 
Prior  to  each  ignition  attempt,  a  common  temperature  was  established  for  the  inlet  air,  fuel,  and  test 
rig. 

The  data  shown  in  Figure  4  are  representative  of  those  obtained  during  groundstart  ignition 
testing.  In  this  figure,  results  for  the  FlOO  sector  burner  rig  are  presented  for  a  simulated  cold  day 
(244K)  using  the  two  baseline  JP-4  fuels  (Table  2)  and  the  four  ignition  fuel  blends  characterized  in 
Table  3.  In  general,  petroleum-base  JP-4  fuel  lit  at  the  lowest  flowrates.  The  other  fuel  blends,  and 
the  shale-base  JP-4  fuel,  lit  at  higher  flowrates.  The  increases  were  essentially  proportional  to  the 
relative  droplet  size  (RDS)  of  the  fuel,  i.e.  the  ratio  of  the  Sauter  mean  diameter  achieved  for  the 
fuel  under  investigation,  using  a  given  Injector,  to  the  Sauter  mean  diameter  obtained  for  a  baseline 
fuel  when  the  same  injector  is  used;  and  the  fuel  volatility,  as  represented  by  the  101  recovery 
temperature.  As  the  relative  droplet  size  of  the  test  fuel  increased,  due  to  higher  values  of 
viscosity,  surface  tension,  and  density,  and  as  the  101  recovery  temperature  Increased,  a  higher  fuel 
floiirrate,  indicative  of  a  higher  fuel-air  ratio,  was  needed  to  effect  groundstart  ignition. 

Figure  5  shows  the  results  of  a  more  general  correlation  that  was  developed  for  predicting 
groundstart  ignition  characteristics .  In  this  case,  the  combustor  was  the  TP30  and  the  fuels  used  were 
the  referee  low-aromatic  content  JP-S  fuel,  identified  in  Table  2  as  Fuel  No.  2-6,  and  five  of  the  fuels 
Identified  in  Table  4.  The  fuel-air  ratio  required  for  full  rig  ignition  at  each  of  three  airflow  rates 
is  presented  as  a  function  of  a  vaporization  index,  which  is  defined  in  equation  (1). 

VI  .  ,1, 

log  (1  +  B) 

This  aquationidascrlbed  in  mora  datail  in  the  Appendix,  contains  physical  properties  of  the  fuel 
both  eiplicitely,  as  specific  grsTity  (SG)  ana  inplicitely  through  relationships  defining  relatise 
droplet  size  (RDS)  and  oass  transfer  number  (B).  As  the  index  increases,  there  is  less  propensity  for 
the  fuel  to  ignite  at  any  given  value  of  airflow  rate.  Higher  values  of  the  index  represent  heavier, 
poorer-quality  fuels  having,  inter  alia,  higher  densities,  surface  tensions,  and  viscosities  and  lower 
volatility  characteristics.  In  thi  case,  characteristics  of  heavier,  poorer-quality  fuels  were  also 
achieved  by  reducing  the  temperatures  of  three  of  the  test  fuels. 

(b)  AiRSTART  loimoa 

Airstart  ignition  tests  were  conducted  to  determine  the  capability  of  each  of  the  three  combustor 
rigs  to  achieve  stable  ignition  at  simulated  altitude  conditions  using  a  variety  of  test  fuels.  Stable 
ignition  in  these  tests  was  defined  as  it  was  for  groundstart  ignition.  Altitude  conditions  simulated 
for  these  tests  were  selected  from  standard-day  wlndmllllng  maps.  These  maps  represent  Anown 
windmilling  operating  regions  within  the  bounds  of  aircraft  altitude  and  Hacb  number  for  the  engine 
combustors  under  investigation.  The  aerodynamic  variables  involved  include  flowrate,  total  pressure, 
and  temperature  of  the  air  entering  the  combustor  rig;  flight  Hach  number,  and  altitude.  By  specifying 
any  two  of  these  variables,  the  others  can  be  obtained  from  the  windmilling  map  for  the  engine. 

The  fuel-dependent  variables  Include  physical  and  chemical  characteristics  of  the  blends  being 
introduced  into  the  rig,  and  the  fluid  dynamical  factors  that  determine  the  characteristics  of  the 
fuel-air  mixture  in  the  vicinity  of  the  igniter.  In  general,  as  the  quality  of  the  test  fuel 
deteriorated,  as  indicated  by  increased  viscosity  and  surface  tension,  and  decreased  volatility,  the 
capability  of  a  combustor  rig  to  ignite  stably  at  simulated  altitude  conditions  decreased.  Figure  6  is 
rapresantativs  of  the  Impact  of  fuel  properties  on  airstart  ignition  for  the  TF30  combustor  rig  st  s 
temperature  of  SO  F  (27SR).  The  fuels  used  were  a  referee  JP-S  that  was  described  in  Table  2  (Fuel  No. 
2-6),  and  five  of  the  broadanad-specif icstion  and  emergency  fuels  described  in  Table  a.  The  ratarea 
JP-S  fuel  ar.d  the  emergency  fuel  bland  (comprised  of  Diesel  Fuel  Narine  and  JP-S)  clearly  provided  the 
best  and  worst  airstart  Ignition  characteristics,  respectively.  Performance  of  the  other  fuels  lay 
essentially  midway  between  the  two  axtramas. 

The  capability  of  a  combustor  rig  to  ignite  stably  also  decreased  whan  the  temperature  of  the 
foal,  inlet  air,  and  rig  were  raducad.  In  a  sense,  the  fuel  viscosity,  surface  tension,  and  volatility 
were  degraded  artificially  to  simulate  characteristics  of  poorer-quality  fuels.  Figure  7  shows  the 
variation  in  airstart  ignition  capability  with  temperature  for  a  TF30  mainburnar  rig  fired  with  the 


roforoo  JP-5  fuol  (No.  2-6)  that  was  described  in  Table  2.  The  impact  of  increasing  viscosity  and 
surface  tension,  and  lowering  volatility  on  airstart  ignition  characteristics  is  as  pronounced  as  if 
poorer  quality  fuels  were  used. 

Airstart  ignition  results  as  presented  in  Figures  6  and  7  faithfully  represent  rig  characteristics 
for  the  fuels  Investigated.  However,  fuel  property  influences  are  not  in  a  form  that  would  enable  the 
degradation  in  altitude  ignition  capability  with  fuel  properties  to  be  readily  ascertained. 
Consequently,  a  model  was  formulated  and  a  correlation  developed  that  did,  indeed,  allow  this  to  be 
accomplished.  The  model  is  based  on  the  work  of  Ballal  and  Lefebvre  (Reference  7)  and  on  the 
observation  that  over  a  wide  range  of  combustor  aerothermal  operating  parameters,  the  ignition  process 
is  evaporation-rate  controlled.  It  is  assumed  that  a  spark  creates  a  spherical  volume  of  inflamed  gas 
that,  if  it  is  to  propagate  through  the  gas  mixture,  must  be  of  sufficient  size  that  the  rate  of  heat 
release  within  its  volume  exceeds  the  heat  loss  to  the  surroundings.  The  radius  of  the  critical  volume 
is  termed  the  quenching  distance  and  the  energy  required  is  the  minimum  ignition  energy. 

■or  a  given  combustor  design  the  quenching  distance  and,  hence,  the  required  energy  are  functions 
of  '  41  aerodynamic  conditions  within  the  combustor,  the  fuel  droplet  diameter,  and  the  fuel  volatility. 
The  internal  combustor  aerodynamics  are  directly  related  to  flight  c'^nditions,  viz.  altitude  and  Hach 
number.  The  droplet  size  is  determined  by  injector  characteristics  and  by  the  fuel  viscosity,  density, 
and  surface  tension.  The  energy  liberated  by  the  igniter  varies  lightly  with  the  aerothermal 
condition,  but  may  be  assumed  to  be  constant  over  the  range  considered.  Therefore,  the  quenching 
distance  can  be  taken  as  a  measure  of  ignition  capability. 

The  relationship  developed  by  Ballal  and  Lefebv  '<  (Reference  7)  for  the  quenching  distance,  was 
rewritten  to  isolate  terms  dependent  on  combustor  aerodynamics  from  those  dependent  only  on  the  fuel. 
The  aerodynamic  grouping,  containing  terms  that  vary  with  altitude  and  Mach  number,  is  referred  to  as 
the  combustor  operating  parameter,  COP,  and  is  defined  as 
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The  fuel-dependent  variables  are  collected  in  the  fuel  characterization, 
parameter,  FCP,  which  is  defined  as 


or  correlation, 


log  (1  +  B) 


(3) 


Ths  combustor  opsnting  parameter  can  be  calculated  from  operating  conditions  defined  on  a 
windmilling  map  for  the  engine  In  question.  Figure  8  shows  the  variation  in  altitude  with  combustor 
operating  parameter  for  a  TF30  combustc.-  rig. 


To  the  e:.cent  that  the  ignition  scenario  and  model  are  valid,  there  is  a  filed  relationship 
between  the  values  of  the  combustor  operating  parameter  and  the  fuel  characterization  parameter  that 
will  result  in  ignition.  Figure  9  shows  such  a  relationship  that  was  developed  from  airstart  ignition 
data  for  the  TF30  combustor  rig  using  three  of  the  referee  fuels  identified  in  Table  2.  The  fuels  were 
a  low-aromatic  content  JP-3  (Fuel  No.  2-S),  a  high  aromatic  JP-S  (Fuel  No.  2-7),  and  a  shale-base  JP-S 
(Fuel  No.  2-8).  The  data  indicate  a  linear  relationship  between  the  two  parameters  for  each  of  the  tour 
burnqr  airflow  rates  investigated.  For  a  particular  airflow  rate,  any  combination  of  the  two  parameters 
falling  below  the  correlation  line  for  a  specific  airflow  rate  would  indicate  a  "no-lighf  situation; 
any  combination  falling  on  or  above  the  line  would  indicate  stable-ignition. 


Figures  6  and  9  in  combination  form  a  basis  for  predicting  the  effect  of  fuel  changes  on  airstart 
capability.  For  a  given  fuel,  the  fuel  characterization  parameter  is  first  calculated  from  fuel 
properties  and  injector  characteristics.  For  this  value  of  the  fuel  characterization  parameter,  the 
ignition  limit  of  the  combustor  operating  parameter  Is  then  defined  by  Figure  9  at  each  airflow  rate. 
Finally,  the  value  of  the  combustor  operating  parameter  is  converted  to  altitude  using  Figure  8. 

A  refinement  of  the  preceding  model  was  formulated  to  provide  a  simplified  airstart  ignition 
correlation.  Using  Figure  8,  with  a  referee  JP-S  fuel  as  the  baseline,  the  change  in  value  of  relight 
altitude  between  that  resulting  from  the  use  of  the  referee  fuel  and  that  resulting  from  the  use  of  the 
test  fuel  was  determined  as  a  function  of  ths  fuel  characterization  parameter  for  each  of  the  four 
airflow  rates.  Each  fuel  characterization  parameter  was  then  normalized,  using  the  fuel 
characterization  parameter  for  the  referee  JP-S  fuel,  to  obtain  a  fuel  characterization  parameter  ratio, 
FPB,  which  is  defined  in  equation  (4). 
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The  resulting  plot  is  shown  in  Figure  10,  where  the  difference  in  relight  altitude  for  the  TP30 
combustor  rig  is  presented  as  a  function  of  fuel  properties  and  airflow  rates.  Fuels  having  ignition 
qualities  better  than  those  of  the  referee  militarj-speclflcetion  fuel  are  identified  by  fuel  parameter 
retios  lest  than  unity,  Increases  in  relight  altitude  above  that  of  the  referee  fuel  are  identified  by 
fuel  parameter  ratios  greater  than  unity. 


The  validity  of  the  approach  taken  to  produce  Figure  10  was  tested  using  data  from  airstart 
ignition  tests  in  which  a  number  of  the  fuels  listed  in  Table  4  were  evaluated.  As  discussed  earlier, 
the  fuels  in  Table  4  were  prepared  to  be  fully  representative  of  relaxed-specification  and  emergency 
fuels.  Figure  11  presents  the  results  obtained  for  the  specified  test  fuels  relative  to  the  27.000 
Ib/hr  (3.4  kg/s)  airflow  rate  correlation  line  shorn  in  Figure  10.  The  good  correlatic  achieved  for 
this  airflow  rate  line  was  also  obtained  for  the  remaining  three  airflow  rate  lines. 

(c)  PATTERM  FACTOR 

Pattern  factor.  PF.  defined  in  equation  (S).  was  determined  from  temperature  measurements  of  the 
air  entering  the  performance  combustor  rig  and  of  the  working  fluid  leaving  the  rig. 
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where  Tn..  out  -  maiimum  eihaust  gas  temperature  measured  in  the  plane  of 
the  turbine  first-stage  sane 

Tavg.out  -  average  temperature  of  the  eihaust  gas  in  the  same  plane 
^avg.in  ■  average  temperature  of  the  combustor  inlet  air 

This  parameter  provides  a  measure  of  the  quality  of  the  working  fluid  being  supplied  by  the 
combustor  to  the  turbine,  which  influences  turbine  durability  and  performance.  The  lower  the  pattern 
factor,  the  greater  the  durability  of  the  turbine. 

The  best  means  of  determining  pattern  factor  for  an  engine  is  by  using  the  engine  itself  as  the 
test  bed.  In  this  way,  the  influences  of  combustor  inlet  air  distribution,  associated  with  a  specific 
compression  system,  and  internal  aerodynamics,  resulting  from  the  interaction  of  the  fuel  and  air 
injection  systems,  are  measurable  eiactly.  Unfortunately,  this  type  of  testing  is  not  routinely 
possible  because  of  the  high  costs  of  preparing  for  and  conducting  the  tests.  In  the  case  of 
determining  the  effect  of  fuel  properties  on  hot-section  performance,  engine  hardware  could  be 
jeopardized  because  of  the  many  unknowns  involved.  Therefore,  although  engine  testing  would  provide  the 
best  data  on  fuel-dependent  pattern  factor  effects,  combustor  rigs,  with  their  inherent  deficiencies, 
were  used  to  develop  relative  trends.  From  these  trends,  however,  the  magnitude  of  fuel  effects  on 
engine  hardware  can  be  projected  and  then  engine  testing,  incorporating  automated  recording  temperature 
systems  (ARTS)  in  the  first  turbine  vanes,  could  be  indicated  to  quantify  the  rig  trends  and  refine  the 
preliminary  models  and  correlations. 

The  trends  obtained  in  pattern  factor  variations  with  fuel  properties  were  found  to  correlate, 
generally,  with  the  vaporization  indei  of  the  fuel,  which  was  defined  in  equation  (1).  However,  in  the 
performance-test  version  of  this  indei,  the  90%  recovery  temperature  of  the  fuel,  was  used  in 
determining  the  relative  droplet  size  and  mass-transfer  number.  Processes  within  the  combustor  that 
would  tend  to  influence  droplet  size,  penetration,  and  evaporizat ion  and  then  impact  pattern  factor  were 
considered  to  be  more  dependent  upon  the  final  stages  of  droplet  life  than  upon  the  initial  stages. 

Figure  12  shows  a  correlation  indicating  the  influence  of  fuel  properties  on  pattern  factor  and, 
in  turn,  their  impact  on  the  predicted  low-cycle  fatigue  life  of  a  first-stage  turbine  vane  for  the 
TF30.  The  data  have  bean  normalized  to  emphasize  trends  rather  than  absolute  values,  which  for  this 
type  of  rig  testing  are  of  little  value.  As  the  pattern  factor  increases,  the  low-cycle  fatigue  life  is 
predicted  to  decrease  as  would  be  eipected.  However,  the  impact  of  fuel  properties  on  pattern  factor, 
both  eipllcitly  in  terms  of  hydrogen  content  of  the  fuel  and  implicitly  through  vaporization  indei, 
are  well  depicted.  Although  the  magnitude  of  the  trends  observed  are  not  especially  pronounced,  the 
potential  impact  on  turbine  life  due  to  the  fuel  burned  is  significant.  As  fuel  quality  deteriorates  in 
terms  of  viscosity  and  volatility,  the  resulting  turbine  performance,  in  terms  of  durability,  is 
projected  to  deteriorate. 

(d)  LINBR  DOEABILITY 

The  life  of  conventionally  cooled  combustor  liners  in  operational  aircraft  engines  is  generally 
limited  by  cracks  in  specific  louver  seam  welds  caused  by  low-cycle  fatigue.  Low-cycle  fatigue  results 
from  cyclic  eipsnsion  and  contraction  of  the  combustor  liner  during  engine  operation.  Crack  initiation 
occurs  at  locations  in  the  liner  where  high  stresses  eiist  due  to  severe  thermal  gradients.  This 
location  is  usually  at  a  seam  weld  between  two  adjacent  louvers,  as  shown  in  Figure  13,  where  a 
relatively  large  temperature  gradient  eiists  between  the  louver  wall  and  the  knuckle.  At  high-power 
operating  conditions  the  stress  concentrations  in  the  vicinity  of  the  seam  weld  can  be  well  above  the 
yield  strength  of  the  material  causing  plastic  deformation  with  each  cycle. 

For  a  specific  engine  operating  condition  at  which  a  referee  fuel  is  burned,  a  thermal  gradient  is 
established  between  the  louver  lip  and  the  knuckle  causing  a  bending  stress  in  the  seam  weld.  When  a 
poorer  quality  fuel  is  substituted  for  the  referee  fuel  and  is  burned,  the  flame  luminosity  increases, 
which  increases  the  temperature  of  the  louver  lip,  but  not  the  colder  knuckle.  The  knuckle  temperature 
remains  essentially  constant  because  of  the  radiation  shielding  provided  by  the  lip  and  the  temperature 
invariance  of  the  cooling  air  entering  the  vicinity  of  the  knuckle.  Consequently,  the  increased  flame 
luminosity  increases  the  lip-to-knuckle  thermal  gradient  and  causes  higher  stresses  in  the  seam  weld. 

Estimates  of  relative  liner  life  were  made  for  the  FIDO  and  TF30  combustors  using  measured  liner 
temperatures  from  tests  in  which  both  baseline  and  eiperlmental  fuels  were  burned.  To  ensure  the 
achievement  of  mailmiua  strain  in  the  critical  louvers  of  the  liners,  the  Type  I  engine  cycle  (off  to  mai 
to  off)  was  used  to  estimate  fuel  effects  on  FIDO  combustor  life,  and  the  Type  I  and  Type  II  engine 
cycles  (off  to  mai  to  off  with  Type  II  going  to  supersonic)  for  the  TF30  estimates. 


The  technique  used  for  the  low-cycle  fatigue  analysis  incorporated  equation  (6)  for  calculating 
thernal  strains. 
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A  value  of  baseline  strain  was  taken  from  a  figure  relating  the  dependence  of  total  strain  range 
on  cycles  to  failure  for  the  liner  material  over  a  range  of  metal  temperatures.  Field  history  provided 
information  on  cycles  to  failures  for  the  engine  combustors. 

Figure  14  shows  the  variations  in  life  for  the  FlOO  and  TF30  combustors  that  were  estimated  using 
rig  temperature  data,  equation  (6),  and  the  low-cycle  fatigue  properties  of  the  liner  materials  as  a 
function  of  the  hydrogen  content  of  the  fuel  burned.  The  abscissa  has  been  normalized  by  the  hydrogen 
contents  of  the  baseline  fuels  used  in  the  test  programs  for  the  two  combustors.  Also  shown  in  figure 
14  are  variations  in  predicted  combustor  liner  life  with  the  fuel  hydrogen  content  parameter  for  two 
models  of  the  J79  engine  (Reference  8)  and  for  the  FlOl  (Reference  9).  All  trends  are  generally  the 
same;  as  the  hydrogen  content  of  the  fuel  is  reduced,  the  predicted  liner  life  is  also  reduced.  The 
magnitude  of  the  predicted  reductions  in  life  are  dependent  upon  the  strain  model  selected,  the 
materials  data  used,  and  the  baseline  information  from  field  experience. 

During  the  conduct  of  the  TF30  fuel-effects  investigation,  a  porous-plug  radiometer  was  Installed 
in  the  liner  to  measure  the  radiative  heat  load  from  the  burning  of  lower-quality  fuels.  Figure  19 
shows  the  variation  in  measured  radiative  heat  flux  with  the  hydrogen  content  of  the  fuel  being  burned 
at  a  number  of  operating  conditions.  As  expected,  the  thermal  radiation  contribution  to  the  total  heat 
transfer  rate  from  the  combustion  process  to  the  liner  increased  as  the  hydrogen  content  of  the  fuel 
decreased.  The  significance  of  the  Increased  thermal  radiation  load  on  combustor  liner  life  at 
sea-level  takeoff  conditions  is  shown  in  Figure  16.  For  a  seven  percent  decrease  in  hydrogen  content  of 
the  fuel,  the  radiant  heat  flux  increased  by  16  percent  resulting  in  a  predicted  reduction  in  liner  life 
of  approximately  ten  percent. 

Combustor  liner  metal  temperatures  measured  in  the  test  programs  and  used  in  the  durability 
analyses  were  correlated  using  a  liner  severity  parameter,  LSP,  which  is  defined  in  equation  (7). 


T  -  T 
metal, max  air, In 

LSP  -  — - — -  (7) 

gas, out  air, in 

This  parameter  is  similar  in  form  to  that  for  pattern  factor,  equation  (5).  When  plotted  against 
the  hydrogen  content  of  the  fuel  burned,  the  liner  severity  parameter  indicates  the  sensitivity  of  liner 
hot-spot  temperature  to  poorer  quality  fuels.  As  shown  in  Figure  17  for  a  variety  of  combustor  rigs 
operating  at  sea-level  takeoff  conditions,  as  the  hydrogen  content  of  the  fuel  being  burned  was 
decreased,  the  liner  severity  parameter  increased.  Although  the  rate  of  change  of  this  parameter  to 
hydrogen  content  was  relatively  small  for  all  of  the  combustors  considered,  the  magnitude  of  the 
parameter  differed  significantly  for  each. 

(a)  COraaSTIO*  BFFICIRNCT 

The  combustion  efficiency  for  a  gas  turbine  combustor  is  a  measure  of  the  effectiveness  in  which 
chemical  reactions  between  fuel  and  air  are  completed  within  a  given  volume.  This  effectiveness  is 
strongly  dependent  upon  the  preparation  of  the  fuel-sir  mixture.  Under  high-power  conditions,  the  fuel 
Injectors  operate  in  a  range  where  atomization  is  optimum  and  rapid  vaporization  of  the  Injected  fuel  is 
enhanced  by  high  temperatures  of  the  inlet  air.  At  low-power  operating  conditions,  atomization  is 
generally  poorer,  resulting  in  larger  droplets  being  injected;  and  inlet  air  temparaturea  are  lower, 
resulting  in  less  of  the  incoming  fuel  being  vaporized. 

Poorer  preparation  of  the  fuel-air  mixture  for  reaction  contributea  to  an  observed  lovier 
combustion  efficiency  at  idle:  especially  with  those  engines  having  low  pressure  ratios.  Intrinsic  in 
the  variables  affecting  fuel  preparation  are  the  physical  properties  of  the  fuel.  Higher  values  of 
viscosity  and  surface  tension,  and  lower  values  of  volatility  can  yield  larger,  less  vaporization-prone 
droplets . 

The  effect  of  fuel  properties  on  combustion  efficiency  at  the  idle  power  setting  was  examined 
using  data  acquired  in  Che  F1(X>,  TF33  and  TF30  burner  Investigations  (References  3-6).  Data  obtained 
from  other  sources  were  also  examined  to  obtain  fuel -dependency  comparisons  between  different  combustion 
systems  (References  10-13).  The  correlating  parameter  selected  for  combustion  efficiency  at  the  idle 
power  setting  is  the  vaporization  index,  which  was  defined  earlier  in  equation  (1).  It  is  conjectured 
that  idle  efficiency  is  controlled  by  the  ability  of  the  final  portion  of  the  fuel  spray  (tbs  portion 
associated  with  the  upper  end  of  the  distillation  curve)  to  vaporize  rapidly  enough  to  react  before 
leaving  the  combustor.  For  this  reason  the  mats  transfer  number  in  the  denominator  of  equation  (1)  war 


evaluated  at  the  901  recovery  temperature  for  each  fuel  inveatigated.  ga  deacribed  in  an  earlier 
aectlon,  as  the  value  of  the  vaporization  index  increaaes,  the  tendency  for  the  fuel  to  vaporize 
decreases.  The  poorer  preparation  of  the  fuel-air  miiture  contributes  to  a  lower  value  of  combustion 
efficiency  being  obtained. 

The  vaporization  indei  for  each  of  the  fuels  tested  in  a  given  combustor  was  normalized  by  the 
value  of  the  vaporization  index  for  that  combustor  when  a  referee  fuel  was  burned.  Likewise,  the  value 
of  combustion  efficiency  at  idle  power  operation  for  each  fuel  was  normalized  using  the  efficiency 
measured  for  the  combustor  in  question  when  the  same  referee  fuel  was  burned.  Consequently,  the  fuel 
effect  trends,  relative  to  conventional,  military-specification  fuels,  can  be  more  readily  ascertained 
In  addition,  this  technique  provided  a  means  to  compare  the  fuel-effects  trends  for  all  combustors  on  a 
common  basis. 

Figure  18  shows  the  resulting  variation  in  idle  efficiency  ratio  with  vaporization  index  ratio  for 
rigs  representative  of  combustors  in  the  FlOO,  TF33  and  J79  engines.  These  systems  were  selected  as 
being  typical  of  high  pressure  ratio  modern  powerplants  and  of  more  mature,  lower  pressure  ratio 
systems.  There  is  very  little  affect  of  fuel  properties  on  the  efficiency  of  the  FlOO  sector  burner  at 
the  idle  operating  condition.  The  combustor  pressure  and  inlet  air  temperature  as  well  as  the  air-blast 
fuel  nozzles  contribute  to  good  fuel  preparation  and  high  combustion  efficiencies  at  idle.  Over  the 
range  of  vaporization  indexes  for  the  fuels  tested  with  this  combustor  (Tables  2  and  3),  there  is  but  a 
one-point  decrease  in  idle  efficiency  attributed  to  fuel  properties.  However,  for  the  lower  pressure 
ratio  TF33  combustor,  there  is  a  significant  decrease  in  combustion  efficiency  at  idle  with  fuel 
properties.  Over  the  range  of  vaporization  indexes  corresponding  to  the  fuels  tested  (Tables  2  and  3), 
the  idle  efficiency  was  observed  to  change  by  seven  points.  The  effect  of  fuel  property  variations  on 
preparation  of  the  fuel  air  mixtures  is  significant.  It  is  interesting  to  note  that  the  correlation 
obtained  for  the  J79  combustor  can  is  essentially  identical  to  that  obtained  for  the  TF33  can,  even 
though  the  fuel  blends  evaluated  in  each  were  different.  The  fact  that  the  results  shown  in  Figure  18, 
for  the  179  and  TF33  were  so  similar  indicates  that  the  processes  controlling  miiture  preparation  and 
reaction  in  each  were  essentially  identical  and  predictable  through  the  use  of  the  vaporization  index. 

( f )  SHOKE 

During  the  performance  tests,  the  smoke  number  of  the  exhaust  gas  discharged  from  the  combustor 
rigs  was  measured  in  accordance  with  the  method  described  in  Reference  la.  Of  the  fuel  properties  and 
relationships  examined  for  correlating  the  smoke  numbers,  the  single  variable  hydrogen  content  of  the 
fuel  provided  the  best  correlation. 

The  absolute  values  of  smoke  number  that  were  measured  in  the  performance  rigs  can  be  quite 
different  from  those  that  might  be  obtained  during  engine  testing.  Experience  gained  during  engine 
development  has  shown  this  to  be  true.  However,  rig  data  is  very  valuable  for  providing  information  on 
relative  changes  and  in  indicating  trends.  Therefore,  the  smoke  data  obtained  during  the  fuel-effects 
programs  for  the  F1(X),  TF33,  and  TF30  combustor  rigs  (References  3-6),  as  well  as  the  data  reported  for 
the  J79,  FlOl,  and  TFkl  combustor  rigs  (References  10-13),  were  operated  on  and  are  presented  in  Figure 
19  in  a  form  showing  the  tendencies  of  the  different  combustor  rigs  to  produce  smoke  as  fuel  quality  is 
reduced.  In  combination  with  actual  engine  smoke  date.  Figure  19  can  also  be  used  to  estimate  the 

increase  in  engine  smoke  number  resulting  from  the  use  of  poorer  quality  fuels. 

To  develop  Figure  19,  the  smoke  data  for  the  different  combustor  rigs,  operating  at  simulated 
sea-level  takeoff  conditions  where  smoke  production  is  greatest,  were  first  linearized  against  the 
hydrogen  content  of  the  fuel  used.  The  smoke  numbers  measured  when  the  various  fuels  were  burned  in  a 
given  rig  were  normalized  with  the  smoke  number  that  was  obtained  when  a  referee  fuel  was  burned.  The 
referee  fuel  selected  for  developing  Figure  19,  for  all  combustors  except  the  TF30,  was 

military-specification  JP-6  fuel  that  contained  la. 5  percent  hydrogen.  For  the  TF30  combustor,  the 
procedure  was  somewhat  modified  because  the  referee  fuel  used  was  military-specification  JP-5  that  had  a 
hydrogen  content  of  only  13.79  percent.  In  this  case,  the  linear  relationship  between  smoke  number  and 
hydrogen  content  was  extrapolated  to  a  hydrogen  content  of  la.S  percent,  and  the  smoke  number 
corresponding  to  this  value  was  used  as  the  normalizing  base  for  the  TF30  rig  results. 

As  shown  in  Figure  19,  the  rate  of  increase  in  smoke  number  with  decreasing  hydrogen  content  is 

essentially  the  same  for  the  TF41,  TF33,  FlOO,  and  PlOl  rigs.  However,  the  rates  for  the  TF30  and  J79 

rigs  are  mors  than  twice  as  great.  These  trends  are  the  result  of  the  different  design  features  that 
have  been  Incorporated  into  the  combustors. 
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8.  APPENDIX 
Vaporization  Index  (VI) 

The  vaporization  index  (VI)  is  defined  in  equation  (1')  as 


(RDS)^(SG) 
log  (1  +  B) 


(!'  ) 


and  contains  the  three  principal  variables  relative  droplet  size  (RDS),  specific  gravity  (SG),  and 
mass-transfer  number  (B). 

The  relative  droplet  size,  is  defined  in  equation  (2')  as 


RDS 


(2') 


and  is  the  ratio  of  the  Sauter  mean  diameter  of  a  fuel  obtained  under  a  given  set  of  operating 
conditions.  For  pressure-atomizing  fuel  injectors,  for  example,  relative  drop  size  has  been 
estimated  using  relationships  from  Reference  (16),  which  has  been  simplified  to  the  expression 
shown  in  equation  (3') 


where  q  •  surface  tension 

V  •  kinematic  viscosity 
ref  •  reference 


Similar  relationships  can  be  developed  for  air-blast  fuel  injectors  (Reference  17). 

The  mass-transfer  number  (B)  is  defined  in  equation  («')  as 

(m  H/r)  +  c  (T  -  T_) 
a  .  ^ _ 8 _ 


where  iiio,g  <  meai  frectlon  of  oiygen 
H  =  heat  of  conbustion 

r  <  stoichiometric  ratio 

c  =  apecific  heat  at  constant  pressure 

Tg  =  combustor  inlet  temperature 

Tg  •  recover;  temperature;  m  recover;  point  for  ignition  and 

90X  recover;  point  for  combustor  efficient;  and  pattern 
factor 

Q  =  heat  conducted  from  gas  per  unit  mass  crossing  the  phase 

boundar;,  as  defined  in  equations  (S')  and  (6')  which  in  the 
sum  of  the  latent  heat  of  vaporization  and  the  increase  in 
enthalp;  between  the  base  temperature  and  the  surface 
temperature 

Q  =  L  ♦  Cl  (Tg-T,,)  (S'  1 

Q  =  Lq  +  ^vap  (6') 

where  L  >  Iptent  heat  of  vaporization  at  droplet  surface 

Cl  >  apecific  heat  or  liquid 

Tg  <  surface  temperature  of  liquid 

‘vap  *  specific  heat  of  vapor  at  constant  pressure 

Lg  *  latent  heat  of  vaporization  at  Tg 


Figure  1,  FlOO  Combustion  Section  Flow  Path 


Figure  3,  TF30  Can-Annular  Ignition  Rig 


Figure  2.  Instrumented  TF33  Combustor  Can 
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Figure  4.  Cold  Day  (244K)  Groundstart 

Ignition  Characteristics  for  Che 
FlOO  Sector  Burner  Rig 
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Figure  5.  Groiuidstart  Ignition  Characteristics 
for  the  TF30  Combustor  Rig 


Figure  6.  Fuel  Effects  on  Airstart  Ignition 
for  Ignition  Rig 


combustor  operating  parameter  (COP) 


Figure  7.  Temperature  Effects  on  Airstart 
Ignition  for  TF30  Ignition  Rig 
Using  JP-5  Fuel  (Fuel  No.  2-5) 


Figure  8.  Effect  of  Altitude  on  Combustor 
Operating  Parameter  for  TF30 
Ignition  Rig 


FUEL  characterization  parameter  (FCP) 


Figure  9 . 


Variation 

Parameter 

Parameter 


in  Combustor  Operating 
with  Fuel  Characterization 
for  TF30  Ignition  Rig 


Figure  10,  General  Variation  In  Airstart 
Relight  Altitude  with  Fuel 
Parameter  Ratio  for  TF30 
Ignition  Rig 
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Figure  11.  Specific  Variation  in  Airstart  Figure  iz"  Predicted  Fuel  Effect  On  LCF  Life 

Relight  Altitude  with  Fuel  foj-  XF30  First  Turbine  Vane 

Parameter  Ratio  for  TF30  Ignition 

Rig 


Figure  13.  Thermal  Stress  Model 


Figure  15.  Measured  Variation  In  The  al 

Radiation  Rate  in  TF30  Combustor 
Rig 


Figure  14.  Predicted  Liner  Life  Reduction 


Figure  16.  Reduction  in  Predicted  Liner  Life  for 
TF30  Combustor  Rig  Due  to  Thermal 
Radiation 
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Figure  17.  Variation  in  Liner  Severity 

Parameter  With  Hydrogen  Content 
of  Fuel 


Figure  18.  Variation  In  Combustor  Efficiency 
at  Idle  With  Vaporization  Index 


DISCUSSION 


J.VIeghert 

You  mentioned  effects  of  fuel  temperature  on  several  characteristics  of  combustion;  is  there  also  an  influence  on 
smoke  production  ’ 

Author’s  Reply 

An  increase  in  the  temperature  of  a  fuel  that  is  injected  into  a  combustion  chamber  should,  in  general,  serve  to 
produce  a  lower  level  of  smoke  in  the  exhaust  gas.  The  elevated  temperature,  in  essence,  increases  the  volatility 
of  the  fuel.  Enhanced  volatility  has  been  demonstrated  to  assist  in  the  suppression  of  smoke  and  carbon  deposition. 


C.  Moses,  US 

You  have  had  considerable  success  in  developing  a  parameter  for  fuel  properties  for  use  in  correlating  engine 
performance  characteristics.  Have  you  done  any  work  in  trying  to  include  engine  design  characteristics  so  that 
many  engines  can  be  correlated  together  into  one  model? 

Author’s  Reply 

We  have  been  successful  in  correlating  characteristics  of  specific  engine  burners  using  the  parameters  described  in 
the  paper.  We  have  not  yet  developed  a  unified  parameter  that  would  apply  to  a  wide  range  of  gas  turbine  engine 
burners. 


J.  Peters,  US 

In  regard  to  the  question  of  extending  your  correlations  (particularly  for  ignition)  of  fuel  effects  to  include  different 
engines,  I  believe  it  can  be  done  by  including  air  mass  flow  rates  and  geometry  with  reference  velocity  and  fuel 
injector  effects  with  drop  size  correlations.  This  is  illustrated  for  igmtion,  lean  blowoff  and  combustion  efficiency 
in  Paper  No. 32 


G.WinterleW,  Ge 

The  two  parameters  used,  vaporization  index  VI  and  fuel  characterization  parameter.  FP('.  look  quite  similar, 
with  the  exception  of  the  exponent  of  drop  size.  Can  you  comment  on  that  difference  in  the  two  parameters" 

Author’s  Reply 

The  fuel  characterization  parameter  FCP,  defined  in  equation  (3),  was  formulated  for  predicting  altitude  ignition 
characteristics  from  the  quenching  distance  relationship  of  Lefebvre  and  Ballal  (reference  7).  The  value  of 
(SMD)’  ’,  which  appears  in  their  basic  equation,  has  been  maintained  per  se.  The  vaporization  index  VI.  as 
defined  in  equation  ( 1 ),  was  developed  for  groundstart  ignition,  combustion  efficiency,  pattern  factor  and  lean 
blowout  from  a  relationship  relating  droplet  lifetime  to  the  square  of  the  droplet  diameter.  In  the  derivation, 
the  single  droplet  diameter  term  was  replaced  with  SMD  for  a  droplet  array  and  was  normalized  using  the  value  of 
SMD  for  a  reference  fuel.  Therefore,  the  expression  for  VI  includes  an  SMD  ratio  rather  than  an  absolute  value 
(as  in  the  expression  for  FCP),  and  the  exponent  of  the  ratio  has  been  maintained  as  a  square  term.  The  exponential 
difference  between  1 .5  and  2  is  small;  however,  the  terms  being  raised  to  the  different  powers  are  quite  different. 
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SUMMARY 

The  effects  of  potential  broadened  specification  and  alternate  source  jet  fuels  on  the  performance  of  small  gas  turbine  combustors  are 
presented.  The  review  is  based  primarily  on  the  results  of  a  iCFWAL/CDND/DRIE/PSWC*  5ponsored')-esearch  program  to  evaluate  the 
performance  of  a  small  'can'  combustor  and  two  reverse-flow-annular  combustors  with  fifteen  different  fuels.  The  fuels  represented 
variations  in  several  key  characteristics  such  as  hydrogen  content,  aromatics,  viscosity,  boiling  range,  volatility  and  thermal  stability. 
Alternate  source  fuels  included  oil  shale  and  tar  sand  derived  fuels.  Results  of  properly  changes  on  performance  parameters  of  the  ‘can’ 
combustor,  such  as  life,  starting  and  stability  characteristics,  exhaust  emissions  and  smoking  tendencies,  are  discussed.  --  - 


NOMENCLATURE 


Ac 

Cross-sectional  area  of  combustion  liner 

FN 

Fuel  nozzled  Flow  Number  =  Wf  / 1/  A  Pf 

K,  Ki 

Empirical  constants 

K2,  K3 

Me 

Air  velocity  parameter 

P3 

Combustor  inlet  pressure 

T3 

Combustor  inlet  temperature 

Tf 

Fuel  temperature 

Vc 

Combustor  volume 

Wc 

Combustor  air  mass  flow 

Wf 

Fuel  flow  rate,  pph 

a  pf 

Fuel  nozzle  pressure  drop,  psi 

of 

Fuel  surface  tension 

yf 

Fuel  kinematic  viscosity 

2c 

Air  loading  parameter 

SMD 

Sauter  Mean  Diameter 

INTRODUCTION 

Almost  all  projections  during  the  past  decade  have  forecasted  reduced  availability  and  increased  cost  of  petroleum  crudes.  There  have 
recently  been  some  surpluses  in  oil  supply  and  reductions  in  oil  prices,  but  the  long  term  scenarios  ( 1 ,2,3)  still  appear  valid.  These  forecast 
continued  decline  in  th’  world  supply  of  high  quality  petroleum  crudes  and  increasing  demand  for  middle  distillate  petroleum  fuels.  On 
the  aviation  fuels  scene,  broadened  specification  fuels  are  being  considered  to  ensure  increased  jet  fuel  yield  from  conventional  sources 
and,  in  the  long  term,  permit  the  use  of  jet  fuels  derived  from  oil  shale  and  tar  sands. 

Accommodation  of  lower  quality  jet  fuels  will  necessitate  investigation  of  effects  of  fuel  property  variations  on  oiJeration  of  gas  turbine 
combustion  systems.  There  is  now  a  significant  data  base  on  the  impact  of  fuel  property  changes  on  the  performance  of  large  gas  turbine 
engines.  These  are  in  commercial  and  military  applications  (4-6)  which  mainly  have  straight  through,  highly  loaded  annular  combustion 
systems.  However  most  small  aviation  turbine  engines  used  for  helicopters,  business  jets,  general  aviation  and  auxiliary  power  units 
employ  can  and  reverse-flow  annular  combustion  systems  of  moderate  loadings  and  relatively  high  surface  to  volume  ratios. 

Investigations  on  small  combustion  systems  have  recently  been  conducted  by  Pratt  &  Whitney  Canada  under  partial  sponsorship  bv  U.S. 
Air  Force  Wright  Aeronautical  Laboratories  (AFWAL)  and  the  Canadian  Department  of  National  Defence  (CDND).  1  hese 
investigations  have  aimed  at  identifying  and  quantifying  the  impact  of  fuel  properties  on  performance  of  a  can  combustor  and  two 
reverse-flow  annular  combustors  (PT6  and  JTI5D).  Investigations  have  included  simulated  operation  of  combustors  for  typical 
turboprop  and  turbofan  cycles  and  use  of  several  types  of  fuel  injectors.  This  paper  summarizes  results  of  investigations  on  the  can 
combustor  system  using  fifteen  different  fuels  and  four  different  fuel  systems. 


BACKGROUND 

Economics  and  supply  will  play  a  major  role  in  determining  the  source  mix  of  future  jet  fuels.  While  petroleum  will  continue  to  be  the 
major  source  of  jet  fuels  in  the  near  future,  non-petroleum  sources  are  expected  to  become  an  increasing  part  of  the  source  mix,  and  in 
some  countries  or  regions  assume  the  role  of  major  source  by  the  turn  of  the  century.  Alternative  fuels  will  initially  be  broadened 
speciFication  petroleum-based  to  increase  the  yield  of  high  grade  fuel  per  barrel  of  crude.  Eventually,  jet  fuel  specifications  will  likely  be 
adapted  to  production  from  a  combination  of  petroleum  and  non-petroleum  sources,  subject  to  constraints  imposed  by  engine  designs 
and  environmental  impact. 


■  Air  Force  Wright  Aeronautical  Laboratories/Canadian  Department  of  National  Defence/Department  of  Regional  Industrial 
Expansion/Pratt  and  Whitney  Canada. 


Table  1  shows  comparison  of  currenl  Jet  A  and  JP4  fuel  specifications.  .Also  shown  are  specificaliorts  by  NASA  for  ERBS  (Experimental 
Reference  Broadened  Specification)  fuel  with  relaxations  in  aromatics  hydrogen  content,  flash  point  and  free/e  point  limits. 


Table  1:  Comparison  of  Jet  Fuel  Specifications 


Jet  A-1  JP4  ERBS 


Aromatic  content  vol.)  22  (reportable  25) 
Hydrogen  content  (‘Vo  wt.)  13.5  typical 

Flash  point  (K)  311  min. 

Freeze  point  (K)  233  max. 


25  max.  35  typical 

14.2  typical  12.8  ±  .2 

311/32! 

222  max.  244  max. 


Investigation.s  on  large  engine  combustion  systems  (4-6)  have  examined  effects  of  property  changes  of  the  type  shown  in  Tabic  I  on 
performance,  emissions,  and  durability.  The  major  fuel  effects  were  identified  as  follows: 

-  Lower  hydrogen  to  carbon  ratio  and  higher  aromatics  result  in  increased  smoke,  carbon  and  heat  load  to  liner  walls 

-  Higher  fuel  bound  nitrogen  leads  to  higher  nitrogen  oxide  emissions 
•  Higher  viscosity  adversely  affects  atomization  and  starting 

-  Lower  volatility  can  affect  starting  and  low  power  combustion  efficiency 

-  Reduced  thermal  stability  may  lead  to  contamination  of  fuel  systems 

To  determine  the  magnitude  of  fuel  effects  on  small  combustion  systems,  the  fuels  listed  in  Table  2  were  used.  Fuel  blends  with  reduced 
hydrogen  contents  were  obtained  by  blending  base  fuels  (Jet  A-1  and  JT4)  with  high  aromatic  2040  solvent.  Shale  JP8  (AFWAL 
supplied)  was  prepared  from  oil  shale  and  has  properties  similar  to  Jet  A-1;  JP-IO,  the  high  energy  fuel  was  supplied  by  AFWAL,  ERBS-3 
by  NASA,  and  the  four  tar  sand  blends  by  CDND.  The  initial  L  or  H  for  the  tar  sand  fuels  signifies  low,  or  high  final  boiling  point;  the 
final  L,  M  or  H  signifies  a  (relatively)  low,  medium  or  high  hydrogen  content.  L-H  blend  is  from  a  tar  sand  stock  called  “kerocut”  with 
boiling  range  of  boiling  range  of  473-573K,  while  the  H-M,  L-M  and  L-L  fuels  were  produced  by  blending  kerocut  with  gas  oil  side 
stream  having  boiling  range  of  473-623K.  The  final  blend  was  between  JP4,  diesel  and  2040  producing  fuel  with  13. Ol®^®  hydrogen 
content. 

Table  2:  Properties  of  Test  Fuels 


Fuel 

Hydrogen 
w!,  % 

(ASTM  D370I) 

Aromatics 
vol.  ^0 

(ASTM  DI3I9) 

Naphthalene 
Content  Vo  vol. 
(ASTM  D1840) 

Kinematic 
Viscosity 
(cSO  ®  294K 
(ASTM  D445) 

Surface 
Tension 
(Dyncs/cm)  @ 
298K 

(Capillary) 

Distillation 
Range  (K) 
(ASTM  D86) 

Net  Heating 
Value  (MJ ^kg) 
(ASTM  D1405) 

Jei  A-1 

0 

13.76 

19,7 

0.7 

1.65 

25.4 

442-517 

43.17 

Jet  A-I/Bl 

4 

12.88 

30.2 

9,2 

1.62 

26  2 

446-539 

42.80 

Jet  A-1/B2 

C 

12.04 

41,7 

17.3 

1.70 

27.0 

447-545 

42.47 

Shale  JP8 

• 

13,82 

21.1 

0.6 

1.70 

25.1 

448-521 

43.20 

JP4 

□ 

14.2 

14.5 

0.3 

1.00 

22.5 

334-492 

43.46 

JP4/B1 

n 

12,86 

30.2 

M.O 

1.07 

24.1 

337-536 

42.85 

JP4/B2 

E 

11.93 

42.5 

17.6 

1.18 

23.9 

331-541 

42,47 

JP4/2040/ Diesel 

■ 

13.01 

28.3 

10.7 

1.60 

23,4 

341-602 

42.94 

ERBS-3 

T 

12.95 

29.1 

12.5 

2.55 

27.2 

460-602 

43.07 

Diesel 

V 

13.05 

31.9 

7.8 

4.53 

26.3 

464-619 

43.21 

JPIO 

▼ 

11.88 

0 

0 

3.26 

32.1 

451-468 

42.81 

Tar  Sands  L-H 

A 

13.38 

29.1 

I.O 

2.55 

26,4 

444-556 

42.93 

Tar  Sands  L-M 

A 

13.17 

37.2 

1.3 

2.53 

26.6 

447-561 

42.84 

Tar  Sands  H-M 

A 

13.21 

33.4 

1.7 

2.77 

26.8 

445-584 

42.80 

Tar  Sands  L-L 

A 

13.03 

41.8 

1.6 

2.67 

26,2 

455-558 

42.70 

Over  a  thousand  tests  were  conducted  with  a  can  combustion  system  using  the  above  fifteen  fuels.  Detailed  results  of  the  lest  activity  are 
contained  in  Reference  7;  the  paper  gives  a  summary  review  of  significant  fuel  effects  on  the  performance  of  the  can  combustion  system. 


COMBUSTION  SYSTEM 

Bulk  of  published  data  on  fuel  property  effects  pertains  to  large  engine  combustion  systems  (4-6).  Although  some  of  the  trends  can  be 
expected  to  be  similar,  there  are  significant  geometric  and  aerodynamic  differences  which  may  cause  small  engine  combustion  systems  to 
react  differently  to  fuel  property  changes.  Most  small  gas  turbine  engines  are  equipped  with  centrifugal  compressor  stages,  to  which 
reverse-flow  (or  folded)  annular  combustors  are  more  suited.  Figure  I.  The  relatively  high  surface  to  volume  ratios  encountered  in 
reverse-flow  configurations  require  larger  amounts  of  liner  cooling  air  than  for  axial-flow  annular  combustors  common  with  large 
engines.  Also,  cost  and  weight  constraints  generally  lead  to  simple  fuel  injection  systems,  which  render  high  combustion  efficiencies  at 
low  power  more  difficult  to  attain.  The  lower  idle  combustion  efficiencies  substantially  increase  the  amounts  of  CO  and  THC  emissions. 
Furthermore,  fuel  nozzle  contamination  and  blockage  may  result  due  to  the  small  orifices  involved,  especially  when  lower  grades  of  fuel 
are  being  used,  and  these  may  affect  the  quality  of  exit  temperature  distribution.  Also,  the  folded  transition  duct  between  the  combustor 
and  the  turbine  inlet  vane  further  complicates  the  tailoring  of  combustor  exit  gas  temperatures  because  of  the  sudden  contraction  of  flow 
area. 


1 6 A  6>()/65-lurhoprop 


J  I  I5D  turbolan 


big.  Typical  Small  bnginc  (  oinbusiors 


Three  types  of  combustors  were  chosen  for  the  study:  can  combustor,  PT6  and  JT15D.  The  first  phase  of  the  program  involved  tests  with 
the  can  combustor  which  enabled  a  cost  effective  and  relatively  rapid  investigation  of  performance  over  a  wide  range  of  operating 
parameters.  The  can  combustor  was  approximately  8  cm  in  diameter  and  15  cm  long  with  four  cooling  louvres  located  one  each  in  the 
primary  and  intermediate  zones,  and  two  in  the  dilution  zone.  Fig.  2.  A  single  fuel  nozzle  was  mounted  axially  at  the  combustor  head 
where  tangential  enir>  holes  provided  swirling  air  to  the  primary  zone.  Four  types  of  nozzles  were  tested  with  the  can  combustor  to  study 
the  effects  of  fuel  preparation  (Figure  3);  the  simplex  and  duplex  nozzles  were  pressure  atomizers  which  use  the  fuel  pressure  drop  to 
atomize  the  liquid  into  a  fine  spray.  The  airblasi  nozzle  utilizes  the  energy  of  air  flowing  through  the  nozzle  core  to  shear  the  relatively 
slow  moving  fuel  into  very  small  droplets.  The  vaporizing  nozzle  is  a  simple  tube  in  the  combustor,  which  allows  transfer  of  thermal 
energy  from  the  hot  primary  zone  gases  to  the  incoming  fuel,  thereby  creating  a  rich  vapor  which  enters  the  combustor  through  a  small 
swirler  and  a  mushroom  shaped  outlet. 


Fig.  2:  Can  Combustor  System  Showing  Liner  Thermocouple  Locations 


Simplex.  Duplo.x  Aioini/cr 


!  ig.  3:  TucI  Noz^lcx  Used  in  Can  Ccnibusior  Tests 


The  second  phase  of  the  test  program  evaluated  PT6  and  JTI5D  combustion  systems.  The  PT6A*65  combustor,  used  in  small  turboprop 
engines  (1020  KW),  is  designed  for  10:1  pressure  ratio  and  I3I0K  turbine  inlet  temperature  (TIT).  The  JTl  5D‘5  combustor,  used  in  small 
lurbofan  engine.s  (12.9  KN  thrust),  is  rated  at  12.1:1  pressure  ratio  and  I254K  TJT.  The  geometrical  characteristics  of  the  three 
combustors  are  tabulated  in  Table  3.  Table  4  summarizes  the  tests  conducted  on  the  three  combustion  systems. 


Table  3:  Cieometrical  Characteristics  of  Combustion  Systems 


Can 

combustor 

PT6A-65 

combustor 

JTI5D-5 

combustor 

Surface-to-volume  ratio  (m  "  h 

67 

57.2 

39 

C  ombustor  loading 
(SI. TO)  (W/m-VPa) 

573* 

337** 

584 

445 

Pressure  drop  (  P''P)  ®7o 

2.5 

2.4 

2.5 

Number  of  nozzles 

1 

14 

12 

Thrust  Simulation  (JT15D) 

••  Power  Simulation  (PT6) 

Fable  4:  Types  of  Combustion  Tests 


f  i.  lire  4  ^how^  a  cross  scclion  ol  Ihc  can  comhiisior  rig.  Combiisiion  efficiency,  gaseous  emissions  and  smoko  were  nionilored  with  a 
nuilli-poini  sampling  prohe  in  the  osii  plane  of  ihe  combustor.  The  quart/  window  at  the  back  end  of  the  rig  prosided  direct  obscrsaiion 
of  name  behasiour  both  during  steads  state  and  transient  performance  tests.  A  transpiration  radiometer  probe  was  used  to  measure 
primari  /one  flame  radia.ion  <Ki.  C  ombiisior  metal  temperatures  were  measured  with  isselsc  thermocouples,  locations  ot  which  were 
determined  b\  thermal  paint  tests  at  the  beginning  of  the  test  program. 


Exhaust  Probe 


.  r  1 1 ' 


Radiometer  Probe  — ■ 

Fuel  Nozzle 

-jiu-t 


"iNi" 


4  I. 


Quartz 

Window 


I  Igniter 


I  ie.  4:  (  an  (  tinibustor  Rig  Test  Section  .Assembly 


To  accommodate  the  geometrical  differences  between  the  can  combustor  and  the  reverse-llow  (PT6  and  JTI5D)  combustors,  two 
modelling  parameters  were  used  to  define  the  can  combustor  rig  air  Hows  which  simulated  actual  conditions  on  the  full  engine.  The  "air 
loading  parameter”  simulated  emissions  at  low  power  and  the  “air  selocity  parameier”  simulated  general  performance  at  high  power. 
These  parameters  are  defined  as  follows: 


'air  loading  parameter" 


K1  Wc 

;3l.8gT^'K2  Vc 


“air  velocity  parameter” 


K3  Wc  /T3 


Thus  the  air  mass  How  for  (he  can  combustor  ng  tests  was  determined  from  the  modelling  parameters,  while  inlet  pressure,  temperature, 
and  overall  fuel-air  ratio  were  kepi  the  same  as  in  the  cngit.c.  Fuel  flows  were  adjusted  according  to  the  net  heating  value  of  the  test  fuel 
relatnc  to  that  of  Jer  A-l. 

Sieady-siaic  performance  tests  were  performed  simulating  five  conditions  on  the  turbofan  UT15D)  cycle  and  three  conditions  on  the 
turboprop  (P  Tb)  cycle.  At  each  condition  gaseous  emissions,  smoke  and  liner  skin  temperatures  were  measured.  Lean-limit  tests  were 
perfoimcd  at  four  airflows  bracketed  around  a  (JTI^D)  ground  idle  condition,  while  ignition  tests  were  performed  at  an  airflow 
simulating  engine  cranking  speed  and  temperatures  (air  and  fuel)  between  289  K  (520°  R)  and  241  K  (435°  R).  .Additional  parametric  tests 
were  performed  with  four  types  of  nozzles  to  evaluate  the  effects  of  inlet  pressure  and  fuel-air  ratio  on  gaseous  emissions,  smoke,  liner 
skin  tcrmpcralures,  and  flame  radiation. 


IMPACTS  OF  FUEL  PROPERTY  CHANGES 

I  incr  stability:  Figire  5  shows  the  impact  of  fuel  properties  on  lean  blow-off  limits  at  air  flows  corresponding  to  idle  condition.  The  test 
JatM  have  been  presented  under  four  groups;  Jet  A-l  (O).  .IP4  (□),  Diesel  (V)  and  Tar  Sands  (A),  Table  2.  There  is  a  fairly  strong 
rel.i'mnship  between  lean  blow-off  limits  and  volatility  of  the  fuels,  expressed  as  !0®7o  recovery  temperature  (TIO);  this  behaviour  can  be 
iPrihuied  to  slower  vaporization  of  higher  boiling  range  fuels  rendeiing  them  more  unstable  at  equivalent  fuel  flows.  However  between 
!  ;  \  1  )f’4  fuels  and  their  blends,  there  are  only  small  .stability  changes.  The  relationship  of  lean  blow-off  limit  with  hydrogen  content 
A  -  .1  iiu  ol  scalier  indicaiing  other  properties  playing  a  role;  by  far  the  best  correlation  is  with  respect  to  relative  droplet  size  of 
•  \:(‘mi/er.  defined  as  SMD/SMl)  JP4  where. 

K  Of  80,-2wc25 

SMD  =  — : - 

&  Pf 

'  hi. AS  a  strrine  correlating  effect  of  fuel  properties  through  (heir  influence  on  fuel  dropici  size.  Thus  fuel  visco.siiy, 

I  ,  'ti  ,ilt  cilfi.i  lean  blow-off  limits.  Tests  with  an  airblast  injector  showed  similar  trends  with  fuel  properties, 

‘  hiniis  were  considerably  higher,  i.c.  the  combustor  was  less  Stable.  The  lean  blow-off  limit  is  normally 
■  '  s.  heal  from  the  combustion  process  to  achieve  adequate  evaporation  and  initial  pyrolysis  of  the 
:  '  iinu  Is  adequate  for  completion  of  the  combustion  process.  Since  both  the  fuel  composition 
and  evaporation,  variation  in  stability  limits  seen  in  these  results  in  not  surprising. 


LCAN-LIMIT  FUEL-AIR  RATIO 


Ijjnuioii  I’crrorniancc:  The  ignition  characteristics  are  critically  inlluenced  by  evaporation  of  the  fuel  producing  a  local  luel-air  mixture 
capable  of  immediate  ignition  and  sustained  combustion.  The  factors  that  can  be  expected  to  affect  ignition  include  pressure  and 
[cmperaiurc  of  inlet  air,  fuel  temperature  uhich  affects  density  and  viscosity,  and  fuel  properties  inHucncing  volatility,  j.e.  distillation 
temperature  distribution.  Ignition  performance  can  be  characicri/ed  by  the  minimum  light*off  temperature,  minimum  light-off  fuel-air 
ratio  and  time  ii'*  light. 

Table  5  and  Tigures  6-7  describe  light-off  characteristics  as  a  function  of  relaiisc  fuel  properties,  for  t\so  pressure  aiomi/ing  no//les.  In 
the  case  of  the  fine  <0.9  FN)  injector,  satisfactory  ignition  \sas  demonstrated  down  to  rig  limited  temperature  of  242 K  (425'  R);  howeser 
both  the  minimum  light-off  fuel-air  ratio  and  time  to  light  were  affected  by  fuel  properties,  Figure  6.  The  more  significant  effect  appears 
(o  be  with  linie-to-lighi.  Table  5  and  l  igure  7  show  light-off  performance  with  the  coarse  (3.0  FN)  fuel  nozzle,  strong  dependence  being 
apparent  on  volatility,  relative  droplet  size  and  only  poor  correlation  with  hydrogen  comem.  The  data  provides  evidence  of  the 
significance  of  atomization  characteristics  and  properties  affecting  vaporization  of  ihe  fuel. 
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Fig.  5;  Impact  of  Fuel  Properties 
on  Fean  Stability  l  imits 


a 


l  ig.  ft:  Impact  of  Fuel  Properties 
on  Starting  C  haracteristics 
(0.9  FN  No/./le) 


Table  5;  Minimum  Fighi-Off  Temperalure.s  (W’^  ^  0.023  kg/sec;  Max.  Wf  =  5.4  kg/hr.) 


I 

) 


Injector  1 

Injector  2 

0.9  FN  pressu'e 

>.()  FN  prcs.surc 

atomizing 

atomiziiic 

Fuel 

K  ("R) 

K  (“R) 

Jci  A-l 

<  242  (435) 

26]  (470) 

Jcl  A-I/B2 

<  242  (435) 

269  (485) 

JP4 

<  242  (435) 

<  242  (435) 

JP4/B2 

•s  242  (435) 

261  (470) 

Tar  Sands  (1,-H) 

<  242  (435) 

276  (497) 

ERriS-3 

<  242  (435) 

265  (477) 

JPIO 

<  242  (435) 

>  288  (520) 

TIME  TO  LIQMT  (••«) 
<Tj  T,  K) 


Combustion  Efficiency  and  Gaseous  Emissions:  Steady  state  combustor  performance  was  measured  during  operation  simulating 
turboprop  (PT6)  and  lurbofan  (JT15D)  cycles  and  typical  test  data  are  shown  in  Figures  8-11.  Both  CO  and  THC  emissions  were  affected 
by  fuel  changes,  impact  apparently  of  differences  in  atomization  and  evaporation  of  the  fuel.  Figure  8  shows  impact  of  fuel  properties  on 
combustion  efficiency  while  simulating  idle  condition  on  the  turboprop  cycle.  In  spite  of  considerable  scatter,  trends  are  toward  lower 
combustion  efficiency  wuh  reduced  hydrogen  content  and  volatility.  However,  there  is  a  relatively  strong  correlation  between  combustion 
efficiency  and  relative  droplet  size  of  the  pressure  atomizer,  indicating  strong  effect  of  fuel  viscosity  and  surface  tension. 
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Fig.  7:  Impact  of  Fuel  Properties  on  Starting 
Characteristics 
(3.0  FN  Nozzles) 


Fig.  8:  Impact  of  Fuel  Properties 
on  Idle  Combustion  Ineffciency 


In  general,  (he  emission  index  of  PHC  at  idle  revealed  poorest  correlation  \sith  hydrogen  content;  however  better  correlations  were 
observed  at  higher  power  simulations.  Figure  9.  This  indicates  a  major  role  of  aiomi/alion  and  mixing  on  THC'  and  (  O  emisMons.  -M 
higher  operating  pressures,  such  mixing  is  more  easily  achieved  and  changes  in  THC  and  CO  emissions  are  then  purely  a  function  ol  lucl 
chemistry,  l  igure  9  also  shows  the  impact  of  injector  geometry,  the  poorly  optimized  vaporizer  showing  relatively  high  THC  and  C  O 
emissions. 

figures  10  and  1  i  show  impact  of  fuel  properties  on  NOx  emissions  at  take-off  and  idle  respectivels .  Published  data  reveal  a  sensitiv  it\ 
ol  N(>x  emissions  to  the  luel  composition,  the  emissions  generally  increasing  with  reduction  in  the  hydrogen  content  of  the  fuel.  This 
trend  suggests  that  the  increased  flame  temperature  with  reduced  hydrogen  content  is  the  governing  mechanism.  Test  data  from  the 
present  program  however  indicate  that  take-off  NOx  emissions  with  a  pressure  atomizer  are  largely  insensitive  to  fuel  properties, 
figure  10.  Idle  NOx  emissions.  Figure  1 1,  decrease  with  reduction  in  hydrogen  content,  which  is  probably  the  impact  of  lower  reaction 
zone  lemperaiures  resulting  from  decreased  combustion  efficiencies  at  idle.  Comparison  of  fuel  nozzles  showed  no  consistent  NOy 
trends  with  hydrogen  content.  Data  from  other  engines  however  indicates  that  the  (rends  are  influenced  by  combustor  design:  for 
example.  .IS5  combustion  systems  with  pressure  atomizers  appear  to  show  only  a  poor  dependence  of  NOx  emissions  with  hydrogen 
content,  where  as  the  FlOl  combustion  system  with  airblast  atomizers  has  a  much  stronger  influence  of  hydrogen  content  (6). 

Smoke  Fmissions:  Most  published  literature  on  broadened  specification  fuels  reports  an  increa.se  in  the  smoke  levels  when  fuel 
hydrogen  content  is  decreased.  However  there  are  differences  as  to  whether  hydrogen  content  is  an  adequate  parameter  for  correlating 
smoke  forming  tendency  of  a  fuel  (3). 
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Fig.  9:  Impact  of  Fuel  Hydrogen  Content  to 

and  Injector  Types  on  HC  and  CO  Emissions 
(60^0  thrust  simulation) 
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fig.  10:  Impact  of  Fuel  Properties  on  NOx  F-missions 
at  Simulated  Take-off  Condition 


NO.  EMISSION  INDEX  (g/ks) 
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f  i^urc  12  -shows  \anauon  oi  measured  smoke  number  ai  lakc-off  using  Ihe  pressure  alomi/er:  while  ihe general  irend  indicates  increased 
smoke  as  hvdrogen  conieni  is  decreased  and  aromatic  conicnt  is  increased,  there  is  considerable  scalier  in  ihe  daia.  Further  analysis 
indicaics  possible  impaci  ot  naphthalene  conieni;  with  Jet  A-l  and  JP4  fuels,,  (he  addition  of  2040  solvent  raises  both  aromatic 
and  naphihalenc  contents  (Table  2)  and  results  in  a  strong  increase  in  smoke  level.  However,  fuels  such  as  L-H.  H-M  and  L*M  tar  sands 
liave  a  relatively  low  naphthalene  content  accompanying  moderately  high  aromatic  content,  and  these  fuels  seem  to  result  in  smoke  level 
jncreases  less  severe  than  with  Jet  A-J  and  JP4  blends.  .Similarly  ERBS-3  fuel  with  higher  than  average  naphthalene  conieni  appears  to 
result  in  higher  smoke  eniisstons.  These  results  appear  to  indicate  the  types  as  well  as  overall  levels  of  aromatics  are  significant,  and  that 
the  presence  of  high  concentrations  of  more  complex  multi-ring  aromatic  compounds  may  increase  the  propensity  for  smoke  formation. 
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Fig.  11;  Impact  of  Fuel  Properties  on  NO^  I  missions 
at  Simulated  Idle  Condition 


Fig.  12:  Impaci  of  Fuel  Properties  on  Smoke  Emissions 
at  Simulated  Take-off  Condition 
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Mgutc  n  shows  ihu  eltecl  ot  {uel  injector  type  on  smoke  emissions.  Airblast  and  \apon/cr  no//les  result  not  nnly  in  lower  smoke 
emissions,  but  also  appear  to  be  less  sensitive  to  hydrogen  content,  fhese  trends  are  consistent  with  other  published  data  comparing 
|X‘rformance  of  airblast  and  pressure  atomizing  combustion  systems  (6). 

Radiation  and  Liner  Metal  Tempeiaiures:  To  evaluate  the  effect  of  fuel  properties  on  radiation,  measurements  of  radiation  heat  Hux 
were  made  at  two  pressure  levels  using  a  transpiration  radiometer.  Figure  14  shows  radiant  heat  Hux  as  a  function  of  fuel  hydrogen 
content  and  relative  droplet  size  of  a  pressure  atomizer.  Good  correlations  are  apparent  with  hydrogen  content  and  droplet  ratios  at  high 
pressure,  whereas  at  lower  pressures  relative  droplet  size  has  little  effect  on  radiation  levels. 
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Fig.  13:  Influence  of  Fuel  Hydrogen  Content 
and  Injector  Designs  on  Smoke  Emissions 


Fig.  14;  Impact  of  Fuel  Properties  on  Radiant  Heal  Loads 
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Liner  lemperaiure  measurements  were  obtained  with  12  thermocouples  located  on  me  cold  side  of  the  liner.  The  liner  temperatures,  in 
general,  showed  wide  variations  from  lest  to  test,  apparently  in  a  random  manner.  For  example^  while  some  liner  temperatures  appeared 
to  increase  with  decreasing  hydrogen  content  at  some  power  settings,  the  reverse  occurred  at  other  power  levels.  These  effects  are  thought 
to  be  the  result  of  local  fuel-air  ratios  and  Hame  front  locations  I  eing  influenced  by  fuel  properties  and  operating  conditions.  Figure  15 
shows  impact  of  fuel  properties  on  average  liner  temperatures  expressed  as  Tl-  TLjp4  .Mt hough  the  data  show  considerable  scatter,  the 

TLJP4-T3 

general  trends  indicate  substantial  increase  in  metal  termperatures  as  the  fuel  hydrogen  content  is  reduced,  due  mainly  to  increases  in 
radiation  levels.  Also  shown  for  comparative  purposes  are  the  engine  correlations  by  Bla/owski  (9),  the  dashed  lines  encompassing  data 
from  five  combustors.  It  does  appear  from  this  comparison  that  there  is  good  correlation  between  fuel  hydrogen  content  and  liner  metal 
temperature.  There  is  also  reasonable  correlation  with  fuel  aromatic  content,  although  the  purely  synthetic  JP-10  fuel  with  no  aromatics 
results  in  metal  temperatures  much  higher  than  petroleum  based  fuels. 


Fig.  15:  Impact  of  Fuel  Properties  on  Average 
Liner  Temperatures 


The  following  Table  shows  correlation  coefficients  describing  impact  of  fuel  properties  on  the  above  descussed  parameters. 
Table  6:  Influence  Coefficients  Corresponding  to  Observed  Fuel  Property  Effects 


Combustion 
parameter  (Y) 

Fuel  property 
parameter  (X) 

Linear  regression 
equation 

Reference 

figure 

Lean  limit  fuel  air  ratio 

10%  distillation  temp.  (K) 

y  =  2.24y  10  X  -  .004b 

5 

Lean  limit  fuel  air  ratio 

Hydrogen  content  (%) 

Y  =  0.0247  -  .00148  X 

5 

Lean  limit  fuel  air  ratio 

Relative  SMD 

Y  =  0.00886  X  -  .0055 

Minimum  light-off  fuel  air  ratio 

10%  distillation  temp.  (K) 

y  =  6.85  X  10  5  X  -  .0073 

6 

(Tf  =  T3  =  241 K) 

Minimum  light-off  fuel  air  ratio 

Hydrogen  content  (%) 

Y  =  0.0289  -  .00055  X 

6 

(Tf  =  T3  =  24IK) 

Minimum  light-off  fuel  air  ratio 

Relative  SMD 

Y  =  0.0135  X  -  .0055 

6 

(Tf  =  T3  =  24IK) 

Time  to  light  (secs) 

10%  distillation  temp.  (K) 

Y  =  0.0704  X  -  15.8 

6 

Idle  inefficiency  ('('o) 

10%  distillation  temp.  (K) 

Y  =  0.0235  X  -6.4 

8 

Idle  inefficiency  (%) 

Hydrogen  content  (%) 

Y  =  II. 14  -0.565  X 

8 

Idle  inefficiency  (%) 

Relative  SMD 

Y  =  9.10  X  -7.16 

8 

El  -  NOx  take-off  (g/kg  fuel) 

10%  distillation  temp.  (K) 

Y  =  5.30  +  0.0060  X 

10 

El  -  NOx  take-off  (g/kg  fuel) 

Hydrogen  content  (%) 

Y  =  5.98  +  0.154  X 

10 

El  -  NOx  take-off  (g/kg  fuel) 

Relative  SMD 

Y  =  5.55  +  l.%  X 

10 

Smoke  (SN) 

Hydrogen  content  (%) 

Y  =  14.6  -8.33  X 

12 

Liner  temperature  parameter 

Hydrogen  content  (%) 

Y  =  0.336  -0.0189  X 

15 
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CONCLUSIONS 

Fuel  properties  such  as  volatility,  viscosity  and  hydrogen  conieni  have  significant  impact  on  the  performance  of  the  small  gas  turbine  can 

combustor  tested.  The  effects  are  also  inlluenced  by  the  type  and  performance  of  the  fuel  injection  system.  Investigations  using  fifteen 

different  fuels  and  four  different  injector  types  showed  the  following  effects. 

•  Lean  blow  out  stability  is  strongly  influenced  by  fuel  hydrogen  content  and  by  spray  quality.  Volatility  effects  arc  mixed:  for  JP4  based 
fuels  volatility  appears  to  have  little  influence  on  lean  blow  out  performance,  whereas  for  other  fuels  volatility  has  a  stronger  effect. 
Airblast  and  vaporizer  nozzles  have  worse  lean  blow  out  limits  than  pressure  atomUing  nozzles. 

•  Ignition  performance  expressed  as  minimum  light  off  fuel-air  ratio  and  minimum  light  up  temperature  is  strongly  influenced  by 
volatility  and  by  properties  affecting  fuel  atomization.  Fuel  hydrogen  content  appears  to  have  a  weak  influence  on  light-up 
characteristics. 

•  Steady  state  performance  tests  indicate  that  low  end  combustion  efficiencies  are  significantly  influenced  by  fuel  properties;  CO 
emissions  are  strongly  intluenced  by  fuel  hydrogen  content  but  do  not  correlate  well  with  relative  droplet  size  and  volatility;  THC 
emissions  are  strongly  influenced  by  fuel  hydrogen  content  and  relative  droplet  size.  Fuel  effects  on  NOx  emissions  at  take-off  are 
small  and  within  range  of  repeatability;  idle  NOx  emissions  appear  to  be  influenced  by  combustion  efficiency  which  affects  reaction 
zone  temperatures.  Smoke  levels  are  strongly  influenced  by  fuel  hydrogen  content,  aromatic  content  and  atomizer  design.  The  nature 
of  the  aromatics  appears  to  influence  smoke  emissions  as  well. 

•  Radiation  heat  loads  and  liner  temperatures  are  strongly  influenced  by  fuel  hydrogen  content  and  by  properties  affecting  fuel 
atomization  characteristics. 
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DISCUSSION 


K.A.ColUn 

C  an  you  say  what  fuel  pressure  you  need  for  the  vaporizer? 


Author’s  Reply 

Since  a  vaporizer  does  not  depend  on  atomization  of  fuel,  the  device  can  be  operated  with  a  relatively  small 
pressure  drop  at  the  final  orifice.  The  device  used  in  the  present  programme  had  a  characteristic  resulting  in  a 
fuel  flow  (Ib/hr)  of  approximately  4  times  the  fuel  pressure  drop  in  p.s.i.,  which  was  in  the  order  of  0.5  psi. 
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ABSTRACT 

The  U.S.  Army's  alternate  fuels  program  is  the  responsibility  of  the  Mobility  Equipment  Research  and 
Development  Command  (MERADCOM).  The  research  program  on  the  effects  of  alternative  fuels  on  gas 
turbine  engine  combustion  is  reviewed.  Experimental  programs  have  primarily  concentrated  on  two  areas 
of  changing  fuel  properties; (eoej’the  effects  of  volatility  on  combustor  performance  characteristics  such  as 
ignition  and  combustion  efficiency;  and^law^the  effects  of  changing  fuel  chemistry  on  soot  formation  and 
flame  radiation. 

Introduction 

Uncertainties  about  future  production  and  supply  of  petroleum  products  have  caused  the  U.S.  Army,  as  well  as 
other  organizations  responsible  for  fuel  logistics  and  specifications,  to  study,  in  depth,  the  problems  of  combustion  and 
engine  performance  and  durability  which  are  associated  with  fuel  properties.  The  overall  objectives  of  these  studies 
are  to  develop  the  data  and  understanding  necessary  to  consider  the  following  options: 

o  Relaxing  fuel  specifications  to  increase  availability 
o  Use  of  non-petroleum  crude  stocks  to  make  "synthetic  fuels'* 
o  Temporary  use  of  non-specification  fuels  in  emergency  situations. 

Further  goals  are  the  development  of  design  guidelines  for  engines  which  are  more  fuel  tolerant,  and  the  development 
of  prophetic  reference  fuels  to  be  used  in  the  specification  and  qualification  of  power  plants.  The  Army  has  these 
concerns  for  all  three  major  engine  types:  spark  ignition,  compression  ignition,  and  gas  turbine;  only  the  gas  turbine 
engine  and  fuels  will  be  addressed  here. 

The  Mobility  Equipment  Research  and  Development  Conrmand  (MERADCOM)  has  the  responsibility  within  the 
U.S.  Army  for  fuel  specifications  and  R&D  support  for  fuel-related  field  problems.  However,  the  only  mobility  fuels 
for  which  MERADCOM  has  responsibility  are  gasoline  and  diesel  fuel;  the  primary  fuel  for  Army  aircraft  is  3Pit  (NATO 
F-W)  which  is  the  responsibility  of  the  U.S.  Air  Force.  Recognizing  that  the  Army  has  a  large  inventory  of  gas  turbine 
engines  in  its  helicopter  fleet,  and  having  encountered  some  fuel-related  field  problems  in  Vietnam,  MERADCOM  has 
established  a  turbine-fuels  research  combustor  laboratory  at  its  Army  Fuels  and  Lubricants  Research  Laboratory 
(AFLRL)  located  at  Southwest  Research  Institute  (SwRI).  This  facility  enables  the  Army  to  conduct  in-house  research 
on  combustor  performance  and  durability  problems  which  are  related  to  fuel  properties  and  to  assist  in  the 
development  and  testing  of  new  fuel  concepts.  The  laboratory  became  operational  in  1974  and  has  been  used  in  a 
continuous  sequence  of  programs  to  study  ignition,  flame  stabilization,  combustion  efficiency,  flame  radiation,  exhaust 
smoke,  and  gaseous  emissions.  The  scope  of  fuels  has  included  specification,  alternative,  and  emergency  fuels 
including  synthetic  fuels,  alcohols  and  emulsified  fuels. 

To  attain  maximum  flexibility  for  fuels/combustion  research,  the  facility  was  designed  as  an  air-factory  to 
provide  appropriate  inlet  conditions  for  the  combustor  being  used.  Conceptually  any  combustor  can  be  plugged  in  and 
operated  within  the  air  flow,  pressure,  and  temperature  capabilities  of  the  system.  The  operating  envelope  is  as 
follows: 


Air  flow 
Air  pressure 

Air  temperature  (heated) 
Air  temperature  (cooled) 

Three  combustor  rigs  are  currently  available. 

o  T63 
o  2-inch 
o  Disc-in-duct 


0  to  I . I  kg/sec 
100  to  1600  kPa 
1500  toSOOOC 
-540C  to  Ambient 


(0  to  2.5  Ib/sec) 

(1  to  16  atm) 

(300°  to  1500OF) 
(-65°F  to  Ambient) 


The  T63  combustor  is  fabricated  from  T63  engine  hardware.  As  illustrated  in  Figure  1,  it  is  a  single-can 
combustor  with  a  dual-orifice  pressure  atomizer  that  is  instrumented  for  flame  radiation,  liner  temperatures,  and 
exhaust  emissions.  Optical  access  is  provided  to  view  and  photograph  the  combustion  event.  This  combustor  is 
especially  useful  in  studying  ignition,  combustion  efficiency,  flame  stabilization,  and  exhaust  emissions;  it  also 
provides  a  means  of  verifying  the  results  from  the  2-inch  research  combustor  on  flame  radiation  and  smoke.  Turbine 
blade  erosion  and  corrosion  studies  are  also  possible  in  this  T63  combustor  rig. 


The  2-inch  research  combustor  is  a  high-temperature,  high-pressure  combustor  copied  from  the  Phillips  2-inch 
combustor.  Figure  2  shows  the  essential  design  features  including  the  windows.  It  is  capable  of  operating  with  burner 
inlet  air  temperatures  up  to  800°C  at  pressures  up  to  160  kPa  and  over  a  wide  range  of  fuel/air  ratio  and  reference 
velocity.  This  combustor  is  primarily  used  for  flame  radiation  studies  under  high-pressure  conditions.  It  can  also  be 
used  for  turbine  blade  erosion  and  corrosion  studies. 


The  disc-in-duct  combustor  illustrated  in  Figure  3  is  also  a  research  combustor.  Its  main  purpose  is  to  simulate 
the  primary  zone  of  a  real  combustor  and  provide  optical  access  to  study  ignition  and  atomization.  Forward  light¬ 
scattering  techniques  have  been  developed  to  measure  drop-size  distributions  of  evaporating  fuel  sprays. 


RADIATION 


FIGURE  1.  T63  ENGINE  COMBUSTOR 


FIGURE  2.  PHILLIPS  2-INCH  COMBUSTOR 


FIGURE  3.  DISC-IN-DUCT  COMBUSTOR 


Future  Fuels  tor  Tobine  EnKines 

Fuel  properties  ol  specification  fuels  can  be  expected  to  change  for  three  reasons: 

1.  a  relaxation  of  certain  fuel  property  specifications  which  currently  limit  productio'.  in  some  producing 
regions 

2.  changes  in  refining  procedures  to  upgrade  lower-quality  crude  oils,  generally  highei  in  aromatics  and  sulfur, 
and  to  crack  heavier  crude  stocks  into  light  and  middle  distillate  products 

3.  use  of  synfuels  converted  from  shale  oil  and  tar  sands. 

The  use  of  non-specification  fuels  in  emergencies  as  mentioned  previously  would  most  likely  imply  the  use  of  diesel 
fuel  or  fuel  oil  either  straight  or  as  blending  stock  to  extend  jet-fuel  supplies. 

A  number  of  studies  have  been  reported  in  the  literature  on  changing  crude  sources  and  refining  trends  and  their 
impact  on  future  gas  turbine  fuels  (e.g.,  1-3).  Generally  speaking,  petroleum  crudes  will  require  more  extensive  use  of 
mild  hydrotreating  to  remove  sulfur,  and  of  hydrogenation  to  reduce  aromatics  and/or  increase  hydrogen  content.  Also 
there  will  be  an  increasing  trend  towards  hydrocracking  heavier  fractions  to  increase  the  supply  of  middle  and  light 
distillate  products.  Hydrocracking  and  hydrogenation  will  also  be  used  to  make  distillate  from  shale  oil  and  tar  sands. 

The  major  impact  of  mild  hydrotreating  is  fuel  cost.  More  severe  hydrotreating  reduces  the  lubricity  of  the  fuel 
as  aromatics  are  saturated,  arid  undefined  contaminants,  which  also  add  to  natural  lubricity,  are  removed. 
Hydrocracked  kerosene  is  distinguished  by  significant  increases  in  naphthenes  and  in  tetralin,  decalin,  and  other  multi¬ 
ring  compounds  as  naphthalenes  become  saturated.  Fuels  from  shale  oil  and  tar  sands  appear  to  be  similar  to 
hydrocracked  kerosene  in  that  relatively  large  concentrations  of  tetralin  and  perhaps  decalin  are  expected  depending 
on  the  degree  of  hydrogenation.  The  presence  of  tetralin  and  decalin  in  the  fuel  leads  to  the  formation  of  peroxides  in 
the  fuel,  which  can  lower  the  stability  of  the  fuel  and  cause  problems  with  certain  elastomers.  Other  contaminants 
found  in  shale  oil,  especially  nitrogen,  also  reduce  stability. 

Emergency  fuels,  such  as  diesel  fuel  or  blends  of  diesel  fuel  with  aviation  fuel,  can  be  characterized  primarily  as 
having  a  higher  end-point  and  viscosity,  a  higher  freeze  point,  lower  thermal  stability,  and  lower  volatility.  Data  are 
presented  in  Figure  4  for  blends  of  3P5  and  two  different  OFM’s  to  illustrate  the  potential  impact  on  thermal  stability, 
viscosity,  and  final  boiling  point.''*’  Other  possibly  significant  degradations  in  the  quality  of  emergency  fuels  are 
reduced  hydrogen  content,  increased  aromatics,  and  increased  naphthalenes. 
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FIGURE  4.  EFFECTS  OF  BLENDING  DFM  INTO  5 
Impact  of  Future  Fuels  on  Vehicle  Systems 

Table  I  summarizes  the  Initial  luel  properties  identified  above  and  identifies  the  area  of  impact  in  the 
performance  and  durability  of  vehicle  fuel  systems  and  engines.  Only  three  ct  the  properties,  hydrogen  content, 
viscosity,  and  boiling  point  distribution  directly  affect  combustion  and  will  be  the  subject  of  the  remainder  of  this 
paper. 


Table  I.  Summary  of  Critical  Fuel  Properties  atnd 
Their  Impact  on  Aircraft  Systems 


Fuel  Property 

Impact  Area 

Performance/Durability 

Problem 

Reduced  hydrogen  content 

Soot  formation 

Combustor  liner  dura¬ 
bility  Exhaust  smoke 

Hydrocarbon  composition 
Contaminants 

Materials  compatibility 

C  rings,  seals,  and 
diaphragms  in  valves, 
fuel  controls,  etc. 

Lubricity 

Wear 

Fuel  pumps  and 
controls 

Thermal  stability 

Hot  fuel  deposits 

Flow-divider  valves 

Fuel  atomizers 

Viscosity  and  boiling- 
point  distribution 

Atomization  and 
fuel/air  mixing 

Cold-day  ignition 

Altitude  relight 
Combustion  efficiency 
Gaseous  emissions 

For  convenience,  the  following  technical  discussion  is  organized  according  to  problem  areas  rather  than  by  fuel 
properties.  The  discussion  is  a  summary  of  several  studies  conducted  in  the  AFLRL  combustor  lab  on  fuel  properties 
and  their  impact  on  turbine  combustion;  these  studies  were  either  conducted  for  MERADCO*.  or  sponsored  by  the 
Navy,  Air  Force,  or  NASA  with  MERADCOM  approval. 

Soot  Formation;  Flame  Radiation  and  Exhaust  Smoke 


Soot  formation  is  important  in  gas  turbine  combustion  for  two  reasons:  increased  flame  adiation  and  exhaust 
smoke.  An  increase  in  flame  radiation  will  increase  the  heat  load  to  the  liner,  thus  raising  the  liner  temperatures  and 
reducing  the  thermal  fatigue-life  of  the  liner.  Exhaust  smoke  is  that  soot  which  is  not  oxidized  in  the  secondary  and 
quench  zones;  the  major  military  concern  is  the  increase  in  visible  signature  of  the  vehicle. 

Soot  formation  m  the  primary  zone  is  to  a  large  part  determined  by  combustor  design,  i.e.,  the  stoichiometry  and 
mixedness  of  the  primary  zone;  however,  fuel  properties  can  play  an  important  role.  Currently,  the  soot-forming 
tendencies  of  jet  fuels  are  controlled  by  the  aromatic  content  and  the  so-called  smoke  point.  Other  distillate  fuels, 
such  as  diesel  fuel,  are  not  controlled  for  this  p'operty.  These  controls  have  proved  satisfactory  for  light-dis  illate  jet 
fuels  composed  primarily  of  paraffins  and  single-ring  aromatics  (alkylbenzenes).  The  validity  of  these  tests  becomes 
suspect  as  fuel  chemistry  changes,  e.g.,  more  cycloparaffins,  tetralins,  and  naphthalenes,  and  as  viscosities  increase; 
viscosity  affects  both  the  diffusion  flame  on  the  wick  lamp  used  for  the  smoke  point  test  and  the  FI  A  (ASTV  D-1319) 
test  used  for  measuring  aromatic  content. 
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One  of  the  objectives  of  a  series  of  combustor  studies  has  therefore  been  to  determine  which  fue)  properties, 
physical  and  chemical,  are  important  to  soot  formation  in  gas  turbine  combustors.  Figure  5  reproduces  data  from  an 
early  program'll  using  the  2-inch  combustor  to  evaluate  chemical  properties.  ''Wt%  ring  carbon"  is  a  measure  of  how 
much  of  the  carbon  is  in  aromatic  ring  structures  as  opprosed  to  side-chains  or  saturated  molecules;  it  differs  from 
"aromatic  content"  in  that  the  former  procedure  effectively  counts  only  the  aromatic  rings  while  the  latter  counts 
aromatic  molecules.  If  "aromatic  content"  were  the  fundamental  fuel  parameter,  then  the  ring  structure  itself  should 
be  Important.  In  Figure  5,  hydrogen  content  and  aromatic  content  appear  to  be  of  about  equal  value  as  correlating 
parameters,  while  ring-carbon  is  seen  to  be  a  relatively  poor  correlating  parameter.  This  suggests  that  the  aromatic 
ring  structure  itself  is  not  important,  and  that  aromatic  content  correlates  the  data  well  only  because  of  the  lower 
hydrogen  content  of  the  aromatic  molecules. 


FIGURE  5.  CORRELATIONS  OF  FLAME  RADIATION  WITH  FUEL  PROPERTIES 

Subsequently,  these  sarne  fuels  along  with  17  others  were  evaluated  in  the  T63  combustor  for  their  effects  on 
flame  radiation  and  smoke.'^'  The  additional  fuels  emphasized  physical  properties,  such  as  viscosity  and  boiling-point 
distribution,  as  well  as  water/fuel  emulsions  and  blends  of  methanol  and  aromatics.  Figures  6  and  7  present  the  flame 
radiation  data  from  these  fuels  as  correlated  against  aromatic  content  and  hydrogen  content.  Here  the  strength  of  the 
hydrogen  correlation  is  more  dramatic  than  in  the  previous  example.  The  solid  line  in  Figure  6  is  drawn  through  the 
data  for  fuels  which  are  simple  blends  of  petroleum  TPS  with  aromatics.  This  illustrates  that  while  the  aromatic 
content  correlates  the  soot-forming  tendencies  of  petroleum-derived  fuels,  it  is  less  acceptable  for  the  synthetic 
hydrocarbon  fuels  and  not  at  all  adequate  for  the  more  unorthodox  fuels.  Contrast  this  with  Figure  7  which  shows  that 
hydrogen-carbon  ratio  adequately  correlates  all  of  the  data.  These  results  indicate  that  soot  formation  is  essentially 
independent  of  molecular  structure.  Note  also  that  some  of  the  jet  fuels  were  blended  with  10,  20,  and  40  percent 
diesel  fuel  (DFM)  and  two  of  the  fuels  were  DFM's.  Since  these  increases  in  viscosity  and  end  point  did  not  affect 
their  correlation,  the  combustion  quality  of  such  emergency  fuels  can  be  controlled  by  hydrogen  content. 
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FIGURE  6.  EFFECT  OF  AROMATIC  CONTENT 
ON  FLAME  RADIATION 


FIGURE  7.  EFFECT  OF  HYDROGEN  TO 
CARBON  RATIO  ON  FLAME  RADIATION 


The  fuels  used  in  the  above  discussion  did  not  contain  significant  amounts  of  surh  compounds.  There  have  been 
some  suggestions  that  polycyclic  aromatics  such  as  tetralins  and  naphthalenes  might  not  follow  the  simple  hydrogen 
correlation  discussed  above.  For  this  reason,  a  study  was  conducted  in  the  2-inch  combustor  using  6  test  fuels  which 
all  had  a  hydrogen  content  of  12.8  percent,  but  which  stressed  end  point  and  polynuclear  compounds,  i.e.  decalin, 
tetraiin,  naphthalene,  and  anthracene.^^^  Again  there  was  no  effect  of  increased  end  point.  The  fuels  with  single-ring 
aromatics,  single-ring  cycloparaffins  (naphthenes),  and  double-ring  cycloparaffins  (decalin)  followed  a  simple  hydrogen 
correlation;  how-ever,  the  fuels  with  the  polynuclear  aromatics  produced  more  soot  than  their  hydrogen  content  would 
suggest.  Also  this  increase  in  radiation  varied  with  combustor  operating  conditions.  However,  when  these  same  fuels 
were  burned  in  the  T63  combustor,  there  was  no  difference  in  the  measured  flame  radiation  between  the  polycyclic 
aromatics  fuels  and  the  base  fuels  blended  to  the  same  hydrogen  content.  Thus  the  evidence  indicates  that  fuels 
containing  significant  amounts  of  polynuclear  aromatics  (  *5%)  can  produce  more  soot  than  their  hydrogen  content 
would  predict,  but  that  the  increase  is  dependent  on  the  combustor  design  and  operating  conditions. 

A  further  study  w'as  then  conducted  with  14  test  fuels  containing  alkyl-benzenes,  methyl  naphthalenes,  tetraiin, 
and  indene  blended  into  a  3et  A  fuel  to  produce  hydrogen  contents  of  11.5,  12.5,  and  13.5  percent. These  fuels  were 
than  burned  in  the  2-inch  combustor  over  a  wide  range  of  operating  conditions  to  determine  the  separate  effects  of 
temperature,  pressure,  fuel-air  ratio,  and  reference  velocity. 

The  sooting  tendencies  of  the  polycyclic  aromatics  themselves  was  determined  by  comparing  the  sensitivity  to 
H/C  ratio  of  fuels  containing  polycyclic  aromatics  to  those  with  only  single-ring  aromatics.  The  differ^^nce  was 
assumed  attributable  to  the  polycyclic  aromatics.  These  trends  are  reproduced  in  Figure  8  showing  the  individual 
effects  of  temperature,  fuel-air  ratio,  density,  and  reference  velocity.  The  actual  values  are  probably  uniaue  to  this 
combustor,  but  the  trends  may  apply  to  other  combustors.  If  so,  one  would  expect  that  engines  would  tend  to  be  less 
sensitive  to  polycyclic  aromatics  at  the  full  power  condition  where  fuel-air  ratios  are  greatest  as  are  the  burner  inlet 
temperature  and  density.  This  is  a  desirable  trend,  since  the  full  power  condition  is  associated  with  the  highest  levels 
of  soot  formation  and  the  highest  liner  temperatures,  i.e.,  at  the  worst  condition  there  is  the  least  sensitivity  to  the 
polycyclic  aromatics. 


FIGURE  8.  EFFECTS  OF  OPERATING  PARAMETERS  ON  THE  INCREASED  SENSITIVITY  OF  THE 
SOOTING  TENDENCY  DUE  TO  POLYCYCLIC  AROMATICS 

In  summary,  this  series  of  studies  has  shown  that  hydrogen  content  (or  hydrogen-carbon  ratio)  is  the  essential 
fuel  property  for  controlling  soot  formation  in  fuels  which  do  not  contain  appreciable  amounts  of  polycyclic  aromatics. 
This  is  in  agreement  with  other  researchers,  but  the  extension  to  include  alcohols  as  well  as  emulsions  of  water  or 
alcohol  with  hydrocarbon  fuels  strengthens  this  claim  significantly.  The  presence  of  polycyclic  aromatics  in  the  fuel 
can  lead  to  higher  levels  of  soot  formation  depending  upon  the  combustor  operating  conditions.  Such  compounds  are 
not  generally  found  in  fuels  in  concentrations  greater  than  a  couple  percent  naphthalenes  and  a  lew  percent 
tetralines/indenes;  the  impact  of  such  concentrations  is  not  significant. 

Atomization  and  Fuel/ Air  Mixing 

The  ignition  characteristics  of  an  engine  are  highly  dependent  upon  the  design  characteristics,  e.g.,  ignitor 
energy  and  location,  air  flow  pattern  and  velocity,  and  air-fuel  ratio;  however,  fuel  properties  play  an  important  role 
in  determining  how  the  air  and  fuel  are  mixed.  Viscosity  is  the  major  fuel  property  that  controls  the  size(s)  of  the 
droplets  in  the  fuel  spray;  density  and  surface  tension  are  also  factors,  but  do  not  change  as  much  as  viscosity  over  the 
range  of  candidate  fuels,  A  typical  relationship  for  a  simplex  pressure  atomizer  as  correlated  by  Jasuja'^'  is  given  in 
equation  (1): 

SMD  =  (1) 

'vh'jre  and  '  are  the  viscosity  and  surface  teision  of  the  fuel  and  Wf  and  Pf  are  the  fuel  flow  rate  and  pressure 
droo  across  the  nozzle.  Higher  viscosity  fuels  result  in  larger  SMD’s  (Sauter  mean  diameter). 

The  boiling  point  distribution,  i.e.,  volatility,  governs  the  evaporation  rate  and  henc:e  the  mixing  of  the  fviel  with 
tie  combustion  air.  F.quation  (2)  shows  the  D*-law  for  droplet  evaporation  in  quiescent  air  (the  modifications  for 
con^'ection  are  not  necessary  for  this  discussion): 

8  Ka  ln(.UB) 

wiie/e  T  is  evaporation  time  for  a  drop  of  initial  Jiameter  and  density  ,  f,  <^-pa  and  Kq  are  the  heat  capacity  and 
thermal  conductivity  of  the  air.  The  important  parameter  here  is  the  transfer  number  R;  physically  it  represents  the 
ratio  of  energy  available  for  evaporation  to  the  energy  required,  or 


B 


(3) 


*'  * 

Here  T...  is  the  teinperature  of  the  surrounding  medium  and  T|  is  the  boiling  point  of  the  liquid.  For  most  fupls.  Tf  is 
no*  unique,  but  rather  there  is  a  boiling  point  distribution.  Foster  and  Straight^^®^  and  Peters  and  Mellor^^^l  have 
correlated  ignition  limits  using  the  10  percent  evaporation  point  of  the  fuel.  It  is  not  clear,  however,  what  should  be 
used  for  To.  for  an  Ignition  problem.  Peters  and  Mellor  used  the  average  of  the  ambient  and  the  stoichiometric, 
adiabatic  flame  temperatures  (approximately  1300K).  Such  argument  is  beyond  the  scope  of  this  paper.  It  is  sufficient 
to  note  that  fuels  with  higher  boiling  ranges  give  a  smaller  value  for  B  and  hence  a  longer  evaporation  time. 

Figure  9  reproduces  some  data  from  Bailal  and  Lefebvre^^^^  illustrating  a  combinea  effect  of  viscosity  (drop 
size,  SMD)  and  boiling  range  on  the  Ignition  energy.  As  would  be  expected,  higher  ignition  energies  are  required  for 
fuels  of  lower  volatility  and  higher  viscosity  (larger  SMD). 


FIGURE  9.  MINIMUM  IGNITION  ENERGY  VERSUS  SMD  FOR  QUIESCENT 
MIXTURES  (Data  from  Bailal  and  Uefebvre'^^^) 

In  a  gas  turbine  engine,  these  effects  would  be  manifested  in  those  performance  areas  which  are  mixing 
controlled  rather  than  kinetic  controlled,  e.g., 

o  ignition  and  altitude  relight 
0  flame  stabilization  (lean  blow-off) 
o  combustion  efficiency  and  gaseous  emissions 
o  exhaust  temperature  pattern  factor. 

Of  these,  ignition  and  altitude  relight  are  the  most  significantly  affected. 

The  first  MER ADCOM/AFLRL  investigation  into  the  fuel  effects  on  ignition  was  conducted  using  3P4,  Jet-A, 
and  DF2  fuels. Figure  10  shows  the  relative  ignition  characteristics  of  these  fuels  as  the  time  required  for  ignition 
for  a  given  fuel  flow  rate,  all  air-flow  conditions  and  spark  energy  being  held  constant.  For  a  given  fuel,  the 
characteristics  are  typical:  at  low  flow  rates,  there  is  no  ignition;  then  as  the  flow  rate  is  increased,  ignition  becomes 
marginal;  and  finally,  at  sufficiently  high  flow  rates,  ignition  is  almost  immediate.  The  more  volatile  and  less  viscous 
was  ignitable  at  lower  flow  rates  than  the  .let-A  which  was  easier  to  light  than  the  DF2.  Also  'ncluded  in 
Figure  10  are  the  ignition  limits  for  blends  of  pentane  with  the  DF2  to  show  that  blending  a  more  volatile  mater'al  into 
the  heavier  diesel  fuel  will  improve  the  ignition  characteristics.  About  ?  percent  pentane  was  required  to  match  the 
vapor  pressure  of  the  JP4,  but  adding  10  percent  to  the  3et-A  and  20  percent  to  the  DF2  did  not  reduce  their  ignition 
limits  to  that  of  the  JP4.  Thus,  adding  more  volatile  components  to  increase  the  vap:>r  pressure  is  helpful,  but  vapor 
pressure  may  not  be  a  sufficient  parameter  to  predict  ignition  limits  with  blends. 


KO 


FIGURE  10,  COMBUSTOR  IGNITION  CHARACTERISTICS  FOR  DIFFERENT  FUELS 

Subsequent  ignition  studies  were  oriented  toward  the  potential  use  of  HI  M  as  a  nier^i;u^  '.t  «  - 
aircraft.(^)  Test  fuels  inrludcd  1 0,  20  and  40  per<  ent  DFVI  m  IP 5  along  with  ga'-'lne ,  tw  u  Df  AVs.  n .  i  <  »'  r- 
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blend.  Figure  11  shows  the  thresholds  for  instantaneous  ignition,  but  without  the  detailed  data  points  of  Figure  10.  As 
would  be  expected,  the  gasoline  had  the  leanest  limit  and  the  DFM's  were  the  most  difficult  to  ignite  requiring  much 
higher  fuel  flow  rates.  Adding  30  percent  gasoline  to  the  DFM  made  a  significant  improvement  in  the  ignition  limit. 
There  is  an  inconsistency  in  the  3PS/DFM  blends;  in  some  cases  the  limits  appear  to  have  been  improved  by  the 
addition  of  DFM.  Unfortunately  the  inlet  air  temperature  was  dictated  by  the  ambient  air  and  could  not  be  controlled. 
Dll' the  tests  the  air  temperatures  varied  by  several  degrees  which  accounts  for  the  relative  positioning  of  the 
ign  tion  limits  for  these  blends  rather  than  according  to  their  viscosity  (increasing  DFM).  While  this  precludes  a 
quantitative  evaluation,  it  appears  that  blending  DFM  into  3P3  would  not  seriously  degrade  the  ignition  requirements 
on  warm  days.  Subsequent  combustor  studies  by  the  Navy  and  Air  Force  have  shown  some  degradation  of  cold-start 
and  altitude  relight  limits. 
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nCURE  1 1.  FUEL  EFFECTS  ON  FUEL-AIR  RATIO  REQUIRED  FOR  IGNITION 

The  following  is  a  brief  look  at  the  other,  less  critical  performance  areas  listed  above.  Figure  12  compares  the 
lean  blow-off  equivalence  ratios  for  the  nine  fuels  mentioned  earlier  ranging  from  gasoline  through  3P5  to  diesel  fuel 
(DFM)  and  blends  thereof.'^)  The  data  were  taken  at  four  different  power  conditions  in  the  T63  combustor  —10%, 
40%,  Xi%,  and  100%;  engine  power  is  represented  by  the  air  loading  parameter,  e  : 

6  =  P‘-7J  Aref  Dre|0-75  exp  Cr/300) 

where  P  and  T  are  the  combustor  inlet  air  pressure  and  temperature;  A  and  D  are  reference  area  and  dimension  of  the 
combustor*  The  fuel  effects  are  more  pronounced  at  the  lower  power  conditions  where  the  gasoline  could  be  burned 
under  much  leaner  conditions.  There  was  very  little  difference  among  the  jet/diesel  fuel  blends,  however. 

O  JCT  A 
o  jpi 

«  O  jpc  10%  OfMdi 

A  jn  .  20% 
a  jn  .  40%  ofMdi 
O  QFMdt 
O  GASOLINE 
9  0fM(2l 

9  OFMdl  *  30%  GASOLINE 
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FIGURE  12.  FUEL  EFFECTS  ON  FLAME  STABILIZATION 


Combustion  efficiency  calculations  were  made  for  these  same  fuels  burned  in  the  T63  •  combustor  from 
measurements  of  CO,  CO2,  and  HC  as  a  ratio  of  energy  actually  released  in  the  reaction  to  the  energy  that  would  have 
been  released  if  the  fuel  lutd  been  totally  oxidized  to  CO2  and  H2O,  Figure  13  shows  that  the  range  of  the  fuel  effects 
is  relatively  minor  except  at  the  idle  condition.  Although  the  details  are  excluded,  the  )et  fuels  gave  the  highest 
efficiency,  the  diesel  fuels  the  lowest,  with  the  blends  in  between. 


FIGURE  13.  RANGE  OP  FUEL  BPVBCTS  ON  OOMUSnDNBmOBNCY 
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A  similar  result  is  seen  in  Figure  14  for  the  gaseous  exhaust  emissions,  CO,  HC,  and  NOx,  For  the  CO  and 
hydrocarbons,  the  fuel  effects  are  greatest  at  idle  where  the  emissions  are  highest  due  to  poorer  mixing  and  iower 
temperatures  which  are  aggravated  by  the  poorer  atomization  and  evaporation  of  the  diesel  fuels.  The  oxides  of 
nitrogen  exhibit  the  opposite  trend  with  engine  power  since  their  formation  is  so  highly  temperature  dependent.  The 
fuel  effects  are  fairly  uniform  across  the  power  spectrum,  and,  while  the  more  viscous  fuels  generally  yielded  higher 
concentrations  of  NOx,  highest  concentrations  were  obtained  from  the  gasoline.  This  is  presumably  because  of  the 
high  local  stoichiometry  in  the  primary  zone  caused  by  the  rapid  vaporization  of  the  gasoline. 


FIGURE  14.  RANGE  OF  FUEL  EFFECTS  ON  GASEOUS  EMISSIONS 

None  of  these  fuel  effects  on  emissions  or  combustion  efficiency  is  considered  critical.  While  the  magnitude  of 
such  fuel  effects  are  certain  to  be  dependent  on  the  combustor  design,  these  conclusions  have  been  confirmed  in 
recent  years  in  U.S.  Air  Force  and  Navy  sponsored  combustor  pr<^ams  on  a  variety  of  engine  design  and  sizes. 

Summary 

Combustor  test  programs  on  alternative  and  emergency  fuels  have  been  conducted  in  the  Army  Fuels  and 
Lubricants  Research  Labwatory  over  a  period  of  years  to  identify  which  fuel  properties  appe^  lo  control  certain 
problems  in  combustor  performance.  The  types  of  fuels  and  the  range  of  fuel  properties  have  encompassed  the  fuels 
likely  to  be  used  in  aircraft  gas  turbines  over  the  next  20-30  years. 

The  most  important  problem  areas  would  appear  to  be  the  following: 


Performance  Area 
Ignition 


Soot  Formation 


ControUina  Fuel  PPacertY 
Viscosity,  Volatility 

Hydrogen  content 


Perfonwice  Problem 


Degradation  of  cold-day 
igrdtion  and  altitude 
relight  limits 

Reduced  liner  life 
increased  exhaust  smoke 


Other  non-combustion  problems  not  addressed  in  this  paper  indiide  thermal  stability,  materials  compatibility,  and 
iubricity. 

Research  on  the  influence  of  the  physical  and  chemical  properties  of  fuels  on  engine  and  aircraft  performance  and 
durability  is  very  important  right  now  as  opposed  to  simply  qualifying  a  system  on  a  fuel  specification.  By  identifying 
the  critical  fuel/hardware  interfaces  and  developing  quantitative  models  and  impact  statements,  the  impact 
potential  changes  in  fuel  specifications,  crude  sources,  and  refining  techniques  can  be  minimized.  More  importantly, 
the  high  cost  of  requalifying  every  engine  and  aircraft  to  ensure  tlwir  compatibility  with  new  fuels  can  be  reduced  by 
concentrating  on  critical  or  repremtatlve  systems  and  components. 
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DISCUSSION 


J.Tilston,  UK 

This  paper  contains  references  to  differences  in  liner  temperatures  of  the  order  of  n°C  due  to  changes  of  fuel  type. 
In  our  research  we  would  expect  very  much  higher  differences  than  this,  due  entirely  to  day  to  day  variations  in  rig 
operation  or  errors  in  establishing  datum  conditions  after  an  in-run  fuel  change.  Could  Dr  Moses  please  explain  how 
these  measurements  are  made? 

Author’s  Reply 

These  data  were  not  mine  but  taken  at  General  Electric  so  if  I  may  1  will  refer  the  question  to  Mr  Willard  Dodds  of 
that  company. 

W.Dodds 

We  at  General  Electric  have  acquired  much  experience  in  alternative  fuels  testing,  and  often  detect  temperature 
changes  of  1 1  °C  or  less,  using  surface  mounted  thermocouples  on  the  combustor  liners.  We  have  consistently  seen 
this  effect  in  dozens  of  combustor  tests.  Also,  we  see  consistent  changes  in  the  output  of  a  majority  of  the  thermo¬ 
couples  mounted  on  the  combustor  liners  (20  to  40  thermocouples  are  normally  used  for  this  type  of  test).  In  fact, 
we  have  repeatedly  observed  a  larger  change  in  liner  temperature  in  the  forward  positions  of  the  combustor  (where 
flame  radiation  effects  are  strongest)  than  in  the  aft  portions.  There  are  three  additional  considerations.  Firstly, 
we  always  report  liner  temperature  relative  to  combustor  inlet  temperature.  This  corrects  for  small  variations  in 
inlet  temperature.  Secondly,  we  use  exactly  the  same  thermocouples  for  comparisons.  Reinstrumentation  of  a 
combustor  liner  can  make  a  significant  difference  in  details  of  measured  liner  temperature.  Finally,  we  measure 
temperatures  at  several  different  operating  conditions  with  many  different  fuels,  over  a  fairly  wide  range  of 
properties  (typically  12  to  1 4.5%  hydrogen  content),  and  use  statistical  analyses  to  establish  fuel  effects,  so  it  is 
not  merely  a  comparison  of  two  test  data. 


J.Odgers,  Ca 

In  your  discourse  you  stated  that  a  difference  of  1 1  °C  in  wall  temperature  could  reduce  the  combustor  life  by  some 
25  percent.  I  find  this  very  disturbing  since  when  I  was  in  industry  two  production  combustors  taken  from  the 
assembly  line  could  show  a  temperature  difference  of  20°C,  or  even  40°C  when  measured  at  the  same  posibon. 

Since  we  can  rarely  measure  wall  temperatures  better  than  t20’’C  in  regions  of  steep  temperature  gradients,  the 
statement  is  even  of  greater  concern.  I  would  welcome  your  comments  on  this  matter. 

Author’s  Reply 

1  did  not  develop  the  data  to  which  you  refer  myself  and  would  again  like  to  refer  the  question  to  Mr  Willard  Dodds 
from  General  Electric. 

W.Dodds 

When  you  say  that  you  measured  two  different  combustors  in  the  same  position,  I  would  not  be  surprised  if  you 
observed  20‘’C  difference  in  the  temperature.  In  fact,  if  you  ran  a  test  with  a  thermocouple  in  a  certain  locabon 
and  attempted  to  replace  it  with  an  identical  thermocouple  in  the  idenbcal  locabon,  you  would  probably  measure 
a  different  temperature  in  a  subsequent  test.  However,  if  the  combustor  and  instrumentation  are  not  disturbed,  very 
close  agreement  can  be  obtained.  As  for  life  analyses,  these  are  described  in  two  reports  by  Gleason  et  aL  (references 

2  and  3  in  my  paper).  A  simplified  life  estimation  procedure  from  a  paper  by  Foltz  and  Kenworthy  (presented  at 
the  1982  ASME  International  Gas  Turbine  Conference  in  London)  would  also  be  of  interest. 
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SUMMARY 


-''^The  widening  of  fuel  specifications  will  lead  to  fuels  having  a  lower  hydrogen 
content.  This  change  will  influence  the  heat  transfer  in  combustion  chambers,  mainly 
through  Increased  radiation  from  increased  carbon  in  the  flame.  The  Influence  of  ring 
compounds  is  not  very  clear  and  -  to  date  -  the  best  correlation  is  with  fuel  hydrogen 
content.  Due  to  this,  the  ^Luminosity-Factor^  is  still  the  most  convenient  tool  for  the 


prediction  of  fuel  effects  upon  heat  transfer. 
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air  to  fuel  mass  ratio 

aromatic itv  =  100  X  Aromatic  carbon  atoms _  . 

a  o  acicxty  Aromatic  carbon  atoms  non-aromaiic  carbon  atoms  ' 

carbon-hydrogen  mass  ratio  of  the  fuel 

fuel-air  mass  ratio 

hydrogen  mass  fraction  in  fuel 

effective  radiation  beam  length,  m 

flame  luminosity 

pressure.  Pa 

air  inlet  pressure,  Pa  , 

heat  transferred  by  radiation,  H  m~^ 

temperature,  K 

air  inlet  temperature,  K 

combustor  temperature  for  any  fuel,  X 

combustor  temperature  for  a  reference  fuel  (usually  H  *  14,5%),  K 


non  luminous  emission  parameter  (Eqn.  2) 


e  emissivlty 

K  effective  soot  emission  parameter  (Eqn.  5) ,  m~^ 

9  equivalence  ratio 

H  pressure  ratio 

Subscripts 


g  hot  gas 

PZ  primary  zone 


1 .  INTRODUCTION 


The  Introduction  of  new  fuels-sources,  to  augment  or  replace  existing  ones,  will 
result  in  fuels  having  increased  boiling  points,  viscosity,  freezing  points,  and  aromatic 
contents.  A  major  concern  is  that  increasing  aromatic  contents  will  lead  to  increased  car¬ 
bon  formation  and,  hence,  to  higher  wall  temperatures.  This  increase  in  wall  temperatures 
could  reduce  the  effective  oostbustor  life. 

The  following  is  an  attempt  to  assess  what  effects  fuels  may  have  upon  the  heat 
transfer  in  gas  turbine  combustors. 


2 .  GENERAL  COHSIDERATIONS 


Heat  transfer  in  gas  turbine  combustors  has  been  investigated  extensively  in  the 
past.  A  bibliography  [1],  last  updated  in  1979,  contains  alone  over  600  references.  The 
models  developed  vary  from  quite  simple  to  very  complex,  sosw  giving  mean  tes^eratures  for 
any  axial  location,  others  claiming  to  give  detailed  tamperatures  patterns.  All  the  models, 
however,  have  one  common  weakness,  the  uncertainty  in  estimating  flame  radiation. 

The  uncertainty  is  two-fold.  Firstly,  so  far,  it  has  not  been  possible  to  predict 
local  flasM  temperatures  in  the  combustion  sons.  Reasonable  estimates  for  mean  flame  tssqier- 
atures  can  be  made,  however,  the  accuracy  is  necessarily  limited.  More  difficult  to  estlmabs 
is  the  effective  emissivlty  of  the  flame.  A  considerable  amount  of  laboratory  work  has  been 
done  to  measure  the  amissivity  of  both,  transperent  and  opaque  gases,  but  for  gas  turbine 
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applications,  one  has  to  resort  to  convenient  semi-empirical  equations  which  have  been 
determined  in  combustion  chzunbers. 


A  very  useful  set  of  equations  for  the  non-luminous  flame  has  been  given  in  [2]  - 


e 


1  -  e* 


(1) 


z  =  -0,286  p  (ft)®’® 

Unfortunately,  the  fleunes  in  the  combustion  zone  of  liquid  fueled  combustors  are 
highly  luminous  due  to  the  presence  of  carbon  particles.  Since  it  is  not  (yet?)  possible 
to  predict  the  density  and  size  distribution  of  carbon  particles  in  the  combustors,  no 
theoretical  prediction  of  the  emisslvity  of  luminous  flcunes  will  )be  available  in  the  near 
future  -  if  ever.  Consequently,  resort  is  made  to  an  empirical  "fudge-factor",  the  so- 
called  flame  luminosity.  Equation  (3)  gives  the  relationship  developed  for  [2]  using 
data  from  several  sources  [3  to  5],  representing  the  best-fit  line  to  the  data  available. 
It  has  proved  to  be  satisfactory  for  most  applications  to  date,  but  it  has  obvious  limi¬ 
tations.  It  may  be  used  for  fuels  having  a  molar  mass  of  44  g/mol  or  more,  providing  that 


(a)  they  are  saturated  hydrocarbons,  or 


(b)  they  are  commercial  liquid  fuels  of  a  conventional  character  and 
ranging  from  gasoline  to  fuel  oils. 


Also  it  has  to  be  noted  that  the  relationship  applied  only  in  the  recirculation  zone  of 
combustors  working  reasonably  close  to  stoichiometric  and  being  fed  by  a  pressure  atomizer. 


If  the  mixture  in  the  recirculation  zone  is  very  lean,  the  luminosity  tends  to 
decrease,  also  the  use  of  air-blast  atomizers  decreases  luminosity. 


With  these  restrictions,  the  estimated  accuracy  of  the  equation  is  about  ±25% 
(corresponding  to  about  ±5%  in  terms  of  wall  temperature) .  It  is  obvious  that  this  is 
an  area  demanding  further  investigations. 

L  -  0,0691  (o/h  -  1,82)^’’^  (3) 


Correction  for  luminosity  is  then  made  by  inserting  into  Eqn.  (2) 

e  •  1  -  exp  (b  X  Z) 


(4) 


Theoretical  considerations  suggest  a 
somewhat  different  type  of  luminosity  correction 
to  Eqn.  (2)  (6,  7].  In  terms  used  here,  the 
emisslvity  would  have  the  form 

e  -  1  -  exp  (Z  -  Kt)  (5) 

Values  for  k  given  in  (6]  are  plotted 
in  Fig.  1.  A  direct  translation  is  not  possible, 
but,  for  example,  the  value  quoted  for  propane 
implies  a  luminosity  factor  of  the  order  of  4  to 
5,  much  higher  than  usually  experienced.  It 
seems  olbvlous  that  the  values  appropriate  for  jet 
diffusion  flames  do  not  apply  in  the  highly  stirred 
environment  of  a  gas  turbine  combustor.  This 
should  not  distract  from  the  possibility  that  this 
type  of  correction  might  be  better  than  the  lumi¬ 
nosity  factor,  however,  it  cannot  be  used  unless 
more  appropriate  data  become  available. 


Pig.  1:  Soot  Emission  Parameter  [61 


3.  PREDICTED  CHANGES  IN  WALb  TEMPEHATURES  DDE  TO  CHANGES  IN  FUEL  COMPOSITION 


I 


1 


j 
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The  al3ove  mentioned  model  was  applied  to  a  hypothetical  combustor  having  the 
following  characteristics. 

Combustor  type  -  Pipe  Chamber 

Combustor  Diameter  -  230  mm 

Primary  zone  equivalence  ratio  -  1,0 

Secondary  zone  equivalence  ratio  -  0,5 

The  combustor  exit  combustion  efficiency  was  aasuswd  100%  at  all  of  the  following 
operating  conditions. 


Condition 

A 

B 

C 

D 

E 

P 

Inlet  temperature 

X 

300 

480 

630 

723 

800 

925 

Inlet  pressure 

MPa 

0,1 

0,5 

1,0 

1,5 

2,0 

3,0 

Total  ziass  flow  (air) 

bg/s 

1,39 

5,48 

9,57 

13,4 

17,0 

23,7 

Total  mass  flow  (fuel) 

kg/s 

0,028 

0,112 

0,193 

0,270 

0,342 

0,477 
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For  each  of  these  conditions  the  wall  temperatures  were  assessed  for  fuels  having 
the  specified  hydrogen  contents  given  below 

Fuel  A  B  C  D  E 

%H  (mass)  16  14  12  11,11  8 

Stoic  A/F  15,11  14,65  14,19  13,73  13,28 

In  order  to  attain  constant  turbine  inlet  temperatures  It  was  necessary  to  adjust 
the  fuel  flows  so  as  to  maintain  a  constant  equivalence  ratio  In  each  section  of  the  com¬ 
bustor.  Thus  at  each  condition  ,  the  fractional  fuel  flow  was  given  by  - 

Fuel  A  B  C  D  E 

Fractional  fuel  flow  1,03  1,00  0,969  0,937  0,906 

This  also  ensured  constant  temperature  conditions  within  the  primary  and  secondary 
zones.  The  flame  luminosities  corresponding  to  the  fuel  were  (eqn.  4) 

Fuel  A  B  C  D  E 

o/h  (mass)  5,25  6,14  7,33  8,00  11,50 

Flame  luminosity  (L)  1,95  3,65  7,06  14,44  32,45 

The  film  cooling  device 
was  assvimed  to  be  a  wlgglestrip  of 
gap  width  2,5  mm, and  the  calcula¬ 
tions  were  performed  at  25  mm, 

50  mm,  and  75  mm  downstream  from 
the  slot.  The  metal  emlsslvity 
was  assumed  to  be  0,8.  Predic¬ 
tions  were  made  for  the  film  cool¬ 
ing  slots  in  both  primary  and 
intermediate  zones.  For  the 
present,  only  the  primary  zone 
will  be  considered]  for  more 
detailed  information  see  Refs. 

[8  «  9). 

No  calculations  were 
performed  for  the  dilution  zone, 
since  in  this  region  a  constant 
luminosity  factor  of  unity  is 
assumed. 


The  results  of  the 
calculations  are  shown  in 
Figs.  263. 


Fig.  2; 


Flame  Emissivitv 


Figure  2  shows  the  effect 
of  flazie  emlsslvity  for  the  re¬ 
circulation  zone.  The  band  spread 
on  the  curves  has  no  particular 
significance  except  thatt 

(a)  it  Indicates  the  effect  of 
position  within  the  zone 
relative  to  the  start  of 
the  film  cooling; 

(b)  as  the  hydrogen  content 
decreases,  the  width  of 
zone  decreases  due  to  the 
higher  'basic*  emlsslvity. 


Figure  3  shows  the  mean 
effects  upon  wall  temperatures  in 
the  recirculation  zone,  expressed 
in  the  dimensionless  form  used  by 
Blazowskl  [10],  where  i*  the 
wall  teaiperature  yielded^ by  a 
fuel  containing  a  standard  amount 
of  hydrogen  (in  this  case,  hyx>o- 
thetical  JP5,  h  -  14, 5t).  The 


Hydmgan  Conmt 


magnitude  of  the  effects  of 
hydrogen  oontent  is  most  slgnif- 
ieant  when  the  emlsslvity  is  low, 
that  is 


84 


(a)  at  low  pressures  and 

(b)  within  the  secondary  zone  more  than  in  the  primary  zone. 
3.3  Radiation  from  hot  carbon  particles 


All  the  above  phenomena  have  been  based  upon  heat  transfer  from  a  flame  having 
"mean"  properties  based  upon  empirical  correlations.  Such  correlations  were  obtained  from 
flames  in  practical  combustion  systems  used  in  gas  turbines,  and  generally  using  fuels 
containing  not  less  than  11%  hydrogen.  In  addition,  it  has  been  assumed  that  the  behaviour 
of  the  fuel  is  completely  defined  by  the  hydrogen  content,  and  that  the  type  of  compound 
has  no  effect  upon  the  carbon  formation  and/or  the  heat  transfer  properties.  Suppose  that 
the  latter  supposition  is  untrue.  Suppose  also  that  the  result  is  the  formation  of  a 
large  amount  of  relatively  big  particles  of  carbon  which  burn  at  their  surfaces.  Ex2uiiina- 
tion  of  the  relevant  thermodynamic  data  suggests  that  it  is  possible  that  the  temperature 
at  the  surface  of  such  particles  could  be  considerably  higher  than  the  local  hot  gas  temper¬ 
ature.  Under  such  circumstances  the  total  radiation  might  suffer  a  significant  increase 
with  a  corresponding  Increase  of  wall  temperature.  However,  it  has  to  be  kept  in  mind  that 
the  carbon  particles  burn  in  air  vitiated  by  the  combustion  of  the  volatile  fractions. 
Currently,  there  is  no  known  technique  for  predicting  this  phenomenon,  but  with  careful 
attention  to  experimental  details,  it  might  be  possible  to  detect  it,  if  it  actually  exists. 

4  .  EXPERIMENTAL  RESULTS  , 


4.1  Flame  emissivlty 


Very  few  experimental  data  are 
available  with  respect  to  flame  emlssiv- 
ities  for  a  range  of  fuels  at  various 
engine  conditions.  In  general,  the 
experimental  work  seems  to  be  limited  to 
the  measurement  of  wall  temperatures  and 
flame  radiation.  The  absence  of  measured 
hot  gas  temperatures  renders  it  impossi¬ 
ble  to  deduce  the  fl^une  emissivltles  with 
any  real  accuracy. 

Figure  4  indicates  the  range  of 
flame  luminosity  reported  by  various 
authors  [11].  It  can  be  seen  that  there 
is  a  considerable  spread  of  results,  and 
if  luminosity  is  to  be  retained  for 
prediction  ptirposes,  it  is  desirable  that 
further  experimental  work  be  done. 

Figure  5  shows  some  experimental 
data  obtained  by  Rolls-Royce  [9]. 

Although  Insufficient  information  was 
available  to  make  predictions,  the  results 
are  typical,  and  similar  to  those  of 
Fig.  2. 

4.2  Wall  temperature  measurements 

A  fair  amount  of  work  has  been 
published  on  the  effects  of  fuel  composi¬ 
tion  on  wall  temperature.  All  workers 
agree  that  diminishing  the  fuel  hydrogen 
content  Increases  the  wall  temperature 
of  the  combustor.  Many  of  the  data 
appear  to  correlate  against  a  temperature 
parameter  [8]  defined  by  - 


I  J  T  _  m 

^LO  ^0 

where  T^  is  the  actual  liner  t«nperature 
is  the  tMiperature  yielded  by 
a  "standard”  fuel  (usually 
14,5%  H) 

Tg  is  the  combustion  inlet  temper¬ 
ature 

Examples  of  such  data  are  given 
in  Figs.  6  to  8  taken  from  references  [12] 
to  [14]. 

Figure  6  is  based  upon  data 
from  Gleason  at  al.  [12]  and  plots  the 
temperature  parameter  against  the  hydrogen 
content  of  the  fuel  for  a  number  of 
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Fig.  4:  Dependence  of  Luminosity  Upon  Fuel 
composition  ^ 


Pig.  5t 


of  Flame  Bnlsaivity  with 


8-5 


aircraft  combustors.  The  triangles  are  for  the  J79  data  reported  in  [12],  and  they  compare 
favourably  with  the  primary  zone  predictions  for  similar  inlet  conditions.  The  predictions 
are  those  described  in  Paras  2  and  3.  The  remaining  test  units  do  not  have  their  operating 
conditions  specified,  but  presumably  they  are  not  too  far  removed  from  the  J79  case.  It  is 
findings  such  as  these  that  leads  one,  tentatively,  to  accept  [Tjjl  as  a  general  parameter, 
at  least  for  standard  type  combustors. 


Tv, -To 


T^-Ko 


Fig. 


Effect  of  Fuel  Composition  Upon 
Wall  Temperature  [12] 


Fig.  7; 


Effect  of  Fuel  Composition  Upon 
Combustor  Wall  Temperatures  fl31 


Triangles:  J79  Tq  =  559  K  Po  “  ''Pa  (Cruise) 
Circles:  T56,  J79,  JT8D,  CJ805 ,  J57 

unspecified  conditions 
Shaded  zone :  Primary  zone  predictions 
Tq  =  480  K  p-  -  500  kPa 


PlOl  To  =  677  K 


Po  =  997  )cPa 


Dotted  lines  are  limits  of  units  from  Fig.  6 
Shaded  zone:  Primary  zone  predictions 
To  =  632  K  Po  '  1  MPa 


It  will  be  remarked  that  the  above 
mentioned  units  are  all  from  engines  which 
are  fairly  "old".  In  Fig.  7,  data  are 
plotted  for  a  more  recent  combustor,  the 
FlOl  [13].  The  engine  data  points  lie 
below  the  general  scatter  of  the  previous 
engines  and  also  below  the  predicted  values 
at  similar  conditions.  This  is  generally 
accepted  to  be  the  result  of  a  lean  primary 
zone  mixture  compared  with  those  of  the 
older  chambers.  Since  this  "leanness"  is 
not  given  in  the  reference  it  could  not  be 
"allowed-for"  in  the  prediction  technique 
(which  in  this  case  assumes  9p2  ~ 
this  may  well  explain  the  high  prediction 
value. 


rig.  8: 


Variation  of  Wall  Temperature 
Correlation  Group  Insi 


Combustor . 


ae  a 
Data  from  [ISf 


Change  from  JF4  to  gasoline 


The  difference  between  the 
results  for  the  J79  and  the  FlOl  makes  it 
quite  obvious  that  the  correlation  ([Tx]) 
used  is  far  from  general.  Great  caution  has 
to  be  used  when  trying  to  generalize  infor¬ 
mation  from  this  type  of  correlation.  Not 
only  does  the  Influence  change  someidiat 
from  combustor  to  combustor  -  especially 
if  the  fuel  injection  system  changes  -  it 
varies  also  within  a  given  combustor. 

Much  smaller  changes  will  occur  in  regions  where  the  emissivlty  Is  already  close  to  unity. 
This  effect  is  illustrated  in  Fig.  8  (after  (ISI)  where  the  influence  of  a  change  from 
JP4  to  gasoline  is  plotted  as  a  function  of  ^e  original  wall  temperature  at  various 
points  throughout  the  combustor. 

An  example  for  the  influence  of  changes  in  engine  operating  conditions  la  given 
in  Fig.  9,  where  the  data  for  the  J79  from  [12]  are  plotted  for  all  4  conditions.  This 
figure  ahows  also  the  type  of  scatter  which  seems  rather  typical. 

The  results  of  Bauserman  et  al.  [16]  also  indieate  the  zonal  influence  upon  the 
temperature  parasMter.  Thus  the  primary-secondary  zones  show  the  largest  influence, 
although  not  necessarily  the  highest  temperature.  This  implies  that  the  value  of  the 
parasMter  [Tx]  per  se  should  not  be  used  as  an  absolute  measure  of  probable  life.  It  is 


\ 
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obvious  that  at  idling  conditions  a  much  larger  range  of  [Tjjl  may  be  tolerated  than,  say, 
at  full-load  take-off. 

The  dependence  of  (Tx)  upon  the  operating  air/fuel  ratio  (combustor  outlet 
temperature)  was  also  noted  by  Singh  et  al.  117)  using  a  1/2-scale  version  of  the  W251. 

Their  results  are  reproduced  in  Table  I.  The  values  of  [Tyl  were  obtained  both  as  a 
function  of  the  hydrogen  content  and  the  aromaticity.  Aromaticity  is  negatively  corre¬ 
lated  with  hydrogen  content.  The  results  indicate  that  the  hydrogen  content  is  a  slightly 
better  correlation  parameter. 

The  concern  with  respect  to  the  effect  of  the  types  of  compounds  present  in  the 
fuel  is  fairly  general.  Although  a  fair  amount  of  experimental  work  has  been  carried  c  t, 
there  is  little  positive  evidence  to  answer  this  question.  It  is  generally  conceded  that 
the  worst  effects  will  be  given  by  pure  ring  structure  compounds,  whereas  those  hydrocarbons 
containing  side  chains  will  burn  more  akin  to  aliphatic  compounds.  What  is  not  known,  is 
the  amounts  of  such  multiple  ring  compounds  vdiich  will  actually  occur  in  fuels.  To-date, 
the  correlation  parameter  giving  overall  least-scatter  has  been  hydrogen.  This  bas  been 
demonstrated  above  (Table  I),  and  Fig.  10  [18] 

Illustrates  additional  results.  These  latter 
indicate  some  of  the  difficulty  of  interpret¬ 
ing  the  experimental  results. 


irxi 


11  12  13  14  %  15 

Hydrogen  Content  Fuel  Hydrogen  Content 

Fig.  9:  Effect  of  Fuel  Composition  Upon  Fig.  10:  Effect  of  Fuel  Composition  Upon 

Combustor  Wall  Temperatures  Combustor  Wall  Temperatures  [181 

li2J _ ilL 

Shaded  portion  indicates  previous  data 

Squares  -  Dash,  Triangles  -  Take-off,  (T56/J79/JT8D/CJ805/J57) 

Circles  -  Cruise,  Stars  -  Idle.  Solid  symbols  indicate  monocyclic  blends 
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TABLE  I 


INFLUENCE  OF  FUEL  HYDROGEM  AND  AROMATICITY  ON  [Tx] 
(after  (17)) 


Burner  Outlet 
Temperature 

K 

Influence  of 

Fuel  Hydrogen  • 

Influence  of 

Fuel  Aromaticity 

839 

(Tjj)  -  -12,9  (h)  +  1,67 
(0  -  0,19) 

(T,)  »  0,012  (%  C.)  -  0,22 
(0  -  0,25) 

1172 

(T^)  -  -9,2  (h)  +  1,19 
la  -  0,13) 

[T  )  -  0,0087  (%  C.)  -  0,16 
(0  -  0,14) 

1311 

tt^l  -  -7,9  (h)  ♦  1,02 
(0  -  0,12) 

IT  )  -  0,0074  (%  C.)  -  0,14 
(0  -  0,14) 

1422 

(Tjj)  -  -7,8  (h)  ♦  1,00 
(0  m  0,08) 

(Tjj)  -  0,0074  (%  C^)  -  0,14 
(0  m  0,08) 

•“k  - 


Using  conventional  fuels,  it  is 
well  known  that  the  introduction  of  premix- 
prevaporized  fuel  gives  rise  to  blue,  non- 
luminous  flames  with  fuels  which,  when  burned 
as  droplet  diffusion  flames,  yield  the  strong 
yellow  of  sooting  flames.  Such  premixing 
would  argue  insensitivity  to  fuel  composition. 
Results  reported  by  Rudy  et  al.  [14]  are  in 
good  agreement  with  this  supposition 
(fig.  11) . 

4.3  Radiation  measurements 

Experimental  investigation  of  the 
effects  of  fuel  composition  upon  flame  radia¬ 
tion  has  not  been  so  extensive  as  that  upon 
wall  temperatures.  However,  sufficient 
information  has  accrued  to  enable  broad 
conclusions  to  be  drawn. 

There  is  a  small  increase  in  peak 
flame  temperatures  as  the  fuel  hydrogen 
content  decreases.  This  gives  rise  to  a 
small  increase  in  radiation.  From  15%  H  to 
8%  H,  the  theoretical  increase  will  be  con¬ 
sidered  negligible  for  the  purpose  of  this 
report. 

Schirmer  et  al.  [19]  reported  the 
results  illustrated  in  Fig.  12.  The  effect 
of  both  fuel  composition  and  pressure 
(constant  inlet  temperature)  are  very  sig¬ 
nificant.  At  a  pressure  of  1,5  MPa  and 
an  inlet  temperature  of  703  K  the  conditions 
approximate  to  those  used  for  the  example  in 
Para  3  at  1,5  MPa  (723  K) .  The  different 
sizes  and  duties  of  the  combustors  make  a 
direct  comparison  impossible,  but  if  the 
radiation  index  is  used,  the  two  seta  of 
data  can  be  shown  to  agree  ( 8 ] . 

The  radiation  index  is  defined  as 
the  ratio  of  the  radiation  (R)  at  any  hydro¬ 
gen  content  divided  by  a  radiation  emitted 
by  a  fuel  containing  14%  hydrogen  (R14) . 

Using  a  similar  combustor,  Naegeli 
and  Moses  [20]  examined  the  effect  of  fuel 
molecular  structure  on  radiation.  They  used 
a  reference  fuel  containing  14,22%  hydrogen 
and  attempted  correlation  against  (a)  smoke 
point,  (b)  total  aromatics,  (c)  total 
aromatic  ring  carbon,  (d)  hydrogen  content, 
and  (e)  hydrogen  together  with  polycyclic 
aromatic  ring  carbon.  The  results  indicated 
that,  in  addition  to  hydrogen,  molecular 
structure  played  a  significant  role  in 
effecting  fleune  radiation.  For  example  a 
20%  naphthalene  content  Increased  the  radiation 
simple  hydrogen  correlation.  A  somewhat  better 
seemed  to  include  structure. 


Pig.  11:  Effect  of  Fuel  Composition  Upon 
Combustor  Wall  Temperatures  (141 


Fig.  12:  Effect  of  Fuel  Composition  Upon 
Flame  Radiation  at  Various 
Pressures  [191 

Figures  on  curves  denote  fuel  hydrogen  content 
Tp  =  703  K 

by  about  20%  over  that  indicated  by  a 
parameter  was  the  fuel  smoke  point,  which 


In  other  work  [21]  Moses  et  al.  studied  the  flame  radiation  within  a  T-63  combus¬ 
tor.  For  these  results,  the  hydrogen  content  was  found  to  be  the  best  correlation  parameter, 
the  detailed  hydrocarbon  structure  apparently  having  only  secondary  effects.  They  also 
concluded  that  the  Syncrude  fuels  (derived  both  from  oil  shales  and  coal)  fell  within  the 
correlation  scatter. 


Radiation  effects  within  the  J79  combustor  were  investigated  by  Gleason  et  al . 
[12].  Their  results  Indicate  that  there  is  some  effect  due  to  fuel  structure,  especially 
at  the  higher  pressure  conditions.  Table  TI  gives  the  effects  of  hydrogen  content  in 
terms  of  the  radiation  index.  For  comparison  purposes,  the  theoretical  data,  calculated 
as  per  section  3,  are  given.  The  agreement  is  considered  satisfactory. 


5 .  COMCLUSIOWS 

5.1  The  chemical  composition  of  fuels  has  been  shown  to  have  considerable  effect  upon  the 
heat  transfer  characteristics  of  gas  turbine  combustion  chambers. 


5.2  The  effects  are  largely  confined  to  Increases  In  the  flame  radiation  which,  in  turn, 
is  due  to  the  Increased  carbon  formation  within  the  combustion  zone  of  the  combustor. 
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TABLE  II 


EFFECT  OF  FUEL  HYDROGEN  CONTENT  ON  FLAME  RADIATION  INDEX,  J79  ENGINE 

(After  12) 


EXPERIMENTAL  (12] 

THEORY 

Idle 

Cruise 

Take-off 

Dash 

Tq  K 

421 

559 

664 

781 

480 

723 

Pq  MPa 

0,25 

0,47 

1,36 

1,59 

0,50 

1,50 

R12/R14* 

1,52 

1,72 

1,64 

1,68 

1,73  + 

1,72 

1,71 

1,54  + 

1,51 

1,47 

Ri3/''i4* 

1,26 

1,39 

1,33 

lf37 

_ T-j...  _  Radiation  at  x%H 

Radiation  Index  -  paaiation  "at'irtH 


Depends  upon  position  in  combustor  secondary  zone 


5.3  Despite  the  proven  influence  of  hydrocarbon  type  (especially  differences  between 
1-ring,  2-ring  and  3-ring  aromatics) ,  the  effects  of  fuels  tested  to  date  appear  to  corre¬ 
late  most  satisfactorily  with  hydrogen  content. 

5.4  The  assumption  of  the  above  conclusion  is  somewhat  confirmed  by  the  satisfactory 
prediction  of  radiation  effects  using  the  model  described  within  this  report. 

5.5  The  wall  temperature  correlation  factor  [T^]  =  (Tl  -  Tj^)/(Tlo  -  Tq)  should  be  used 
with  caution  since  it  is  sensitive  to  inlet  temperatures  and  pressures  as  well  as  position 
in  the  combustor.  Generally,  conditions  most  lil^ely  to  lead  to  combustor  failure,  like 
take-off  or  dash,  lie  below  the  correlation.  Also,  the  use  of  mean  combustor  temperatures 
can  be  very  misleading.  Nevertheless,  it  can  be  used  as  a  guide  for  predicting  the  effects 
of  combustors  of  similar  design  and/or  operating  conditions. 

5.6  In  view  of  the  fact  that  hydrogen  content  still  seems  to  be  the  most  important  factor, 
the  simple  model  for  the  prediction  of  wall  temperatures  of  [2]  seems  to  be  quite  appro¬ 
priate  for  the  predictions  of  the  effects  of  future  fuels. 
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DISCUSSION 


C.Moses,  US 

You  have  given  us  a  caveat  in  the  use  of  the  Biazowski  parameter  suggesting  I  believe  that  the  changes  are  due  not 
only  to  hydrogen  content  but  also  changes  in  operating  conditions.  1  would  like  to  point  out  that  the  parameter 
has  been  shown,  by  Kenworthy  at  the  1982  ASME  Gas  Turbine  Conference,  to  be  very  useful  in  predicting  the 
increases  in  metal  stresses  due  to  higher  liner  temperatures;  this  is  then  used  to  predict  reduction  in  liner  life  due 
to  low-cycle  thermal  fatigue. 

Author’s  Reply 

1  would  like  to  thank  you  for  your  information:  I  was  not  aware  of  Kenworthy’s  paper.  However,  1  still  think  that 
the  variation  of  the  parameter,  especially  within  a  single  chamber,  still  leaves  me  with  some  doubt  unless  very 
particular  restrictions  have  been  placed  as  to  the  definition  of  the  parameter  for  the  purpose  you  mention. 
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Practical  aspects  of  combustor  design  for  the  use  of  alternate  fuels 
in  the  AGT  1500  vehicular  gas  turbine  engine  are  discussed.  Engine 
performance  test  results  are  related  to  laboratory  data  and  to 
combustor  component  performance  over  the  range  of  engine  operating 
conditions.  Fuel  effects  on  starting  and  low  power  efficiency  are 
related  to  atomizer  performance  and  to  drop  size  distribution. 

Smoke  emissions  are  correlated  with  fuel  characteristics,  engine 
operating  conditions,  and  combustor  primary  zone  design  parameters. 
Results  are  presented  for  fuels  ranging  from  gasoline  to  No.  6  oil. 


INTRODUCTION 

The  ability  of  military  vehicles  to  use  alternative  fuels  can 
provide  significant  tactical  advantages.  The  U.S.  Army's  new  M-1 
tank,  powered  by  the  AGT1500  gas  turbine  engine,  was  designed  to 
operate  on  fuels  ranging  from  gasoline  to  diesel  fuel.  A  special 
feature  of  the  design  to  assist  operation  on  fuels  of  varying 
heating  value  is  an  electronic  fuel  control  which  senses  engine 
speed  and  temperature  and  automatically  adjusts  fuel  flow  rate  to 
make  power.  Figure  1  shows  an  illustration  of  the  AGT1500  engine. 
This  engine  contains  a  two  spool  compressor/turbine  with  a  free 
power  turbine  driving  a  reduction  gearbox  connected  to  the 
transmission.  A  recuperator  on  the  exhaust  of  the  engine  heats  up 
combustor  inlet  air  to  improve  cycle  efficiency.  Another  important 
feature  of  the  engine  for  fuel  economy  is  variable  geometry  power 
turbine  inlet  guide  vanes  which  allow  the  gas  producer  to  run  at 
near  peak  efficiency  over  most  of  the  engine  cycle.  An  accessory 
gearbox  is  attached  to  the  gas  producer  to  provide  a  starting  motor, 
hydraulic  power,  and  fuel  pumping  capability. 

The  AGT1500  engine  has  a  single  can  combustor,  fuel  nozzle  and  a 
scroll  to  distribute  the  hot  combustor  gas  circumferentially  to  the 
turbine.  Minimizing  the  number  of  fuel  nozzles  is  an  important 
consideration  in  the  design  of  small  gas  turbines  so  that  fuel 
passages  can  be  made  as  large  as  possible.  This  is  necessary  in 
order  to  pass  contaminated  fuel  and  to  keep  the  fuel  nozzle  as  cool 
as  possible,  especially  required  with  a  recuperative  operating  cycle. 

The  recuperative  cycle  of  the  AGT  1500  assists  in  the 
achievement  of  two  major  design  considerations  for  vehicular 
application:  good  flame  stability  and  high  combustion  efficiency. 
Both  are  achieved  in  large  measure  by  high  combustor  inlet  air 
temperature  which  exceeds  600*F  at  idle  and  is  close  to  1000*P  at 
full  power.  This  cycle  advantage,  while  assisting  in  the  burning  of 
alternative  fuels,  requires  special  consideration  in  the  design  of 
the  liner  wall  cooling. 

Figure  2  shows  a  cross  section  of  the  combustor  up  to  the 
location  where  it  discharges  into  the  scroll.  The  liner  wall 


cooling  design  contains  short  louvers  for  high  cooling 
effectiveness.  The  louver  material  is  thoria  dispersed  nickel 
(TDNi)  for  high  strength.  In  order  to  enhance  multifuel  capability 
by  reducing  flame  radiation,  the  fuel  injector  is  an  air  blast 
design.  The  injector  receives  its  air  directly  from  the  compressor 
discharge  which  is  at  a  slightly  higher  pressure  and  considerably 
cooler  than  the  recuperator  return  air  which  goes  to  the  rest  of  the 
combustor.  A  pressure  atomizing  pilot  injector  is  used  for 
starting.  This  injector  is  located  directly  in  the  center  of  the 
air  blast  fuel  nozzle  and  operates  continuously  while  the  engine  is 
running . 

The  combustor  system  design  and  development  for  the  use  of 
alternate  fuels  was  strongly  supported  by  the  U.S.  Army  Tank  and 
Automotive  Command,  ref  1-5. 


STARTING 

One  of  the  most  critical  aspects  of  combustor  design  for  highly 
viscous  alternate  fuels  is  getting  the  engine  started.  Problems  can 
arise  in  both  ignition  and  the  acceleration  region  between  ignition 
and  idle.  Starting  can  be  affected  because  fuels  can  have  up  to  two 
orders  of  magnitude  variation  in  viscosity  as  shown  in  figure  3  for 
different  fuels  and  different  fuel  temperatures.  Viscosity  has  a 
significant  effect  on  flow  Reynolds  number  which,  in  turn,  can 
affect  the  discharge  coefficients  of  fuel  system  components  such  as 
the  fuel  metering  valve  and  the  fuel  injector.  Increasing  viscosity 
can  affect  discharge  coefficients  in  different  ways. 

.  Early  experience  with  the  AGT1500  operating  on  No.  4  oil 
indicated  reduced  flow  from  the  fuel  control  to  the  combustor  in  the 
starting  region  due  to  low  Reynolds  numbers  in  the  fuel  control 
valving.  The  shape  of  the  metering  valve  stem  was  changed  to 
increase  the  Reynolds  number  and  thereby  reduce  the  sensitivity  to 
viscosity.  Figure  4  shows  calibration  data  for  the  early  design  and 
for  the  modified  design  on  viscosities  ranging  from  2  to  20 
centistokes.  In  the  starting  fuel  flow  region  where  the  objective 
was  to  supply  74  pph.  the  viscosity  sensitive  design  provided  only 
half  the  required  flow  with  a  fuel  viscosity  of  15  centistokes.  A 
modified  design  provides  a  significant  improvement  by  delivering  85 
percent  of  the  required  value  at  a  viscosity  of  15  centistokes. 

Fuel  injector  performance  is  also  sensitive  to  viscosity.  The 
discharge  coefficient  of  a  pressure  atomizing  injector  usually 
increases  with  increasing  fuel  viscosity  so  that  the  same  volumetric 
flow  passes  with  less  pressure  drop.  As  a  result  of  low  pressure 
drop,  atom*  ^ion  quality  is  sharply  reduced.  The  deleterious 
effect  of  '  atomization  on  ignition  has  been  shown  to  be  very 
signific  n  th  everything  else  being  equal.  Ballal  and  Lefebvre. 

ref  6.  hd  that  the  Minimum  Spark  Energy  required  for 

ignition  v  i>  the  4.5  power  on  Sauter  Mean  Diameter  (8MD). 

which  is  ^  ~  a  of  the  spray's  volume-to-surface  ratio.  If 
sufficient,  ion  energy  is  available,  but  the  spray  drops  are  so 

big  that  evaporation  controls  the  growth  of  the  spark  kernel,  then 
the  minimum  fuel  flow  required  for  ignition  would  be  expected  to 
vary  with  the  total  surface  area  of  the  drops.  If  the  surface  area 
alone  were  sufficient  to  define  the  fuel  flow  required  for  ignition 
at  a  given  aero-dynamic  condition,  then,  at  the  ignition  limit,  the 
required  fuel  flow  (N^i^)  would  vary  directly  with  the  8MD. 


Surface  Area  ~N^/8MD  -  Constant 


then 


Wjjj  ~  SHD  EO  1 

For  a  pressure  atomizing  nozzle.  SHD  is  most  affected  by  three 
parameters:  fuel  viscosity  (N).  pressure  drop  (AP).  and 
volumetric  flow  rate  (W^/p).  A  typically  emperical  equation  for  SHD 
is : 


SHD  ~  W**  (Wj/p)**^/Ap'*  EO  2 

Orifice  discharge  coefficients  may  be  related  to  flow  rate(W^), 
density  (p).  and  pressure  drop  by 

Cjj  ~Wj/(pAp)‘*  EO  3 

so  that  the  SHD  is  found  to  be  a  function  of  viscosity,  discharge 
coefficient  and  flow  rate  by  combining  equations  2  and  3. 

SHD  ~  N-“Cjjp-**/Wj  *"•  EO  4 

The  required  fuel  flow  can  then  be  related  to  SHD.  EO  1.  as: 

~  SHD  ~  N'**CjjP'**/  Wj  •’* 


and  at  the  ignition  limit  when  H,p  =  W, 


**fR  ”  %  ^ 


EO  5 


For  fuel  nozzles  which  have  no  change  in  discharge  coefficient 
with  viscosity  the  effect  of  an  order  of  magnitude  change  in 
viscosity  (i.e.  1.5  to  15  centistokes)  would  require  33k  more  fuel 
for  ignition: 


~  N'***  or  10’^**-  1.33  EO  6 

However,  if  the  discharge  coefficient  also  increases  with 
viscosity,  considerably  more  fuel  would  be  required.  Figure  5  shows 
the  viscosity  sensitivity  of  the  initial  design  of  the  pilot  nozzle 
used  for  starting  the  ACT  1500.  As  originally  designed  the  flow 
number  (used  as  a  measure  of  discharge  coefficient)  varies  with 
viscosity  to  the  .18  power  over  the  range  from  2  to  20  centistokes. 
As  indicated  by  Equation  5.  this  would  require  still  more  fuel  flow 
for  ignition: 


*fR 


N 


.224 


BQ  1 


for  an  order  of  magnitude  increase  in  viscosity,  the  requirement 
would  be  67%  more  fuel  flow  for  ignition.  A  redesign  of  the  nozzle 
swirl  chamber  reduced  its  viscosity  sensitivity  to  a  very  low  value 
as  sho%ni  in  figure  5. 

The  minimum  fuel  flow  required  for  ignition  is  shown  in  Figure  6 
as  a  function  of  viscosity  for  a  variety  of  fuels  in  a  development 
AGT  ISOO  combustor.  The  operating  condition  is  at  a  typical 
ignition  air  flow  rate  of  1200  pph  and  data  are  taken  using  the 
initial  fuel  nozzle  design.  The  required  fuel  flow  in  the  viscosity 


range  from  2  to  12  centistokes  follows  the  trend  expected  from 
Equation  7.  However,  above  12  centistokes,  considerably  more  fuel 
flow  is  required  than  expected  from  the  above  analysis. 

It  is  hypothesized  that  the  large  increase  in  required  fuel  flow 
above  12  centistokes  is  related  to  evaporation  effects  because  of 
the  similarity  of  the  curves  to  blowout  data  also  obtained  with 
these  fuels.  Figure  7  shows  the  lean  blowout  data  expressed  as  fuel 
air  ratio  for  different  air  flow  rates,  inlet  air  temperature  and 
fuels.  The  same  functions  of  viscosity  which  correlate  the  ignition 
data  fit  these  blowout  data  as  well.  The  results  indicate  that  the 
assumptions  and  possibly  the  expressions  for  drop  size  calculation 
are  not  valid  for  viscosities  over  12  centistokes.  The  assumption 
of  equivalent  surface  area,  for  example,  may  not  be  as  important  as 
the  number  of  drops  per  unit  volume  or  the  number  of  small  drops. 
Laboratory  investigations  in  the  past  have  shown  that  the  presence 
of  small  drops  is  crucial  to  the  ignition  process.  Recently,  an 
analytical  investigation,  by  Zhou,  ref  7.  has  come  to  the  same 
conclusion. 

EFFICIENCY 

The  combustor  efficiency  required  for  starting  a  gas  turbine 
must  be  high  and  vary  only  slightly  if  starts  are  to  be  successful 
with  both  a  cold  and  warm  engine.  Otherwise,  the  mass  of  fuel 
sufficient  to  start  a  cold  engine  would  overheat  a  warm  engine.  In 
order  to  achieve  high  starting  efficiency,  the  secondary  portion  of 
the  nozzle  must  have  a  fine  spray  when  fuel  is  introduced.  This  is 

achievable  with  high  air  to  fuel  ratios  in  an  air  blast  fuel 

injector . 

Lefebvre.  ref  8.  shows  that  drop  size  of  the  air  blast  injector 
can  be  described  as 

SMD  =3.33  X  *  '*l'**A^  +  ...  EQ  8 

+  13.0  X  10~*(N*/Oj^  (1  +  * 

Where  o is  the  surface  tension 
N  is  the  viscosity 
W  is  the  mass  flow  rate 

Dp  is  a  characteristic  orifice  dimension. 

V  is  the  velocity 

and  the  subscripts  A  and  L  refer  to  the  air  and  liquid  fuel 
respectively 

The  first  term  of  this  equation  accounts  for  surface  tension 
effects  when  the  viscosity  is  low.  With  high  viscosities,  the 
second  term  dominates  the  equation  and  the  effect  of  the  liquid  to 
air  ratio  (to  the  second  power)  becomes  an  influential  effect.  In 
the  starting  region  where  only  a  little  additional  fuel  is  required 
to  reach  idle,  the  air  blast  type  injector  can  provide  a  low  SMD  to 
obtain  high  efficiency.  Figure  8  shows  measured  drop  size 
distribution  in  the  ignition  and  starting  region  using  DF-2  with  the 
current  production  injector.  As  the  air  density  increases,  as  the 
engine  approaches  idle,  the  SMD  decreases  due  to  a  reduction  in  the 
first  term  of  the  air  blast  equation  above. 

The  efficiency  of  the  AQT1500  combustor  in  the  ignition  and 
starting  region. is  plotted  against  the  kinetic  correlating  theta 
parameter  in  figure  9  with  DP-2  fuel.  Efficiency  is  over  95%  for 
most  of  the  region.  As  the  engine  accelerates  to  idle,  combustor 
operating  conditions  increase  the  value  of  theta  since  the  pressure 


\ 
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and  temperature  terms  increase  more  rapidly  than  the  air  flow  rate. 
As  a  result,  combustor  efficiency  continues  to  increase  with 
increasing  power. 

Efficiency  over  the  entire  engine  operating  range  from  idle  to 
full  power  is  shown  in  figure  10  for  fuels  include  gasoline.  JP-4. 
DF-2.  and  No.  4  oil  (unheated)  which  cover  a  range  of  viscosities 
from  0.5  to  42  centistokes  and  a  wide  range  of  boiling  point 
temperatures.  For  most  conditions,  efficiency  does  not  appear  to  be 
limited  by  drop  size,  droplet  evaporation,  or  by  reaction  kinetics. 
Since  combustion  efficiency  is  normally  classified  as  being  limited 
by  either  evaporation,  kinetics,  or  mixing,  it  is  concluded  that 
mixing  remains  the  limiting  parameter  in  this  combustor  system  at 
operating  conditions  from  idle  to  full  power. 

SMOKE 


Exhaust  smoke  characteristics  for  the  production  AGT  1500 
engine  are  shown  in  figure  11  for  DP-2,  the  fuel  usually  burned  in 
the  M-1  tank.  The  smoke  plume  from  the  exhaust  is  invisible  for  all 
running  conditions  with  an  SAE  smoke  number  of  under  45.  The  engine 
specification  limit  of  30  ensures  that  there  is  adequate  margin  in 
meeting  the  requirement  of  an  invisible  exhaust  smoke  requirement. 

The  change  in  smoke  number  with  power  level  is  curiously 
different  from  many  gas  turbine  engines  because  of  the  peak  in  smoke 
in  the  low  power  region  where  the  engine  is  operating  below  its  peak 
fuel-air  ratio.  It  is  hypothesized  that  this  peak  level  is  the 
result  of  the  competition  between  soot  production  and  soot 
oxidation,  with  oxidation  predominating  above  the  mid  power  range 
where  flame  temperatures  are  highest.  Variability  in  the  smoke  data 
can  occur  with  variations  in  the  engine's  variable  power  turbine 
geometry  whose  main  effect  on  the  combustor  is  to  increase  air  flow 
and  decrease  inlet  air  and  flame  temperature  when  opened  at  constant 
power  setting.  Early  work  in  the  Full  Scale  Engine  Development 
Phase  showed  that  decreasing  inlet  air  and  flame  temperature 
increased  smoke  considerably.  That  work  also  demonstrated  that 
smoke  can  be  controlled  by  the  well  known  technique  of  adjusting 
stoichiometry  and  mixing  in  the  combustor  recirculation  zone. 

Figure  12  shows  a  correlation  of  the  Maximum  Smoke  Number  (MSN)  with 
primary  jet  hole  diameter.  D.  and  location  from  the  fuel  injector. 

L.  The  correlating  parameter  D'**  is  based  on  jet  penetration 
proposed  by  NREC.  ref  9.  for  the  primary  zone.  The  correlation 
strongly  implies  that  smoke  is  formed  in  the  apex  of  the  fuel  nozzle 
spray  where  mixing  is  low  and  the  fuel  air  ratio  is  high.  This 
correlation  was  obtained  with  changes  in  both  hole  location,  hole 
diameter,  and  number  but  without  changes  in  combustor  liner  pressure 
drop.  It  suggests  that  similar  results  could  be  obtained  by  changes 
in  liner  design  to  increase  pressure  drop  in  order  to  achieve  the 
same  jet  penetration. 

The  Maximum  Smoke  Number  has  been  found  ref.  to  correlate  %rell 
with  fuel  aromatic  content  which  has  been  suggested  by  Blazowski  to 
be  the  result  of  fast  condensation  reactions  of  the  aromatics,  ref 
10.  Figure  13  shows  the  correlation  with  JP-4.  DP-2,  and  unleaded 
gasoline.  The  analysis  of  the  Amoco  Supreme  unleaded  automotive 
gasoline  was  performed  by  Phoenix  Labs.  This  type  of  gasoline  was 
typical  of  blends  used  in  the  mid  1970' s  to  achieve  high  octane 
without  lead.  As  a  result,  the  aeromatic  content  was  increased  with 
an  accompanying  decrease  in  hydrogen  and  heating  value. 

Once  fuel  evaporation  or  combustion  kinetics  begin  to  become 
influenced  by  fuel  quality,  the  smoke  number  measurement  can  behave 
inconsistently.  Figure  14  shows  smoke  measurement  taken  i«hile 
burning  No.  4  oil  in  the  engine.  Soot  generated  smoke  has  dropped 


considerably  and  is  nore  nearly  constant  with  power  level.  Coke 
build  up  on  primary  zone  liner  wall  surfaces  increased  because  of 
delayed  evaporation  and  fuel  impingement  on  the  liner  walls.  The 
reduced  evaporation  rate  moves  the  combustion  zone  downstream  where 
more  air  is  available  to  reduce  fuel  rich  pockets  and  thereby 
reduces  smoke. 

WALL  TEMPERATURE 

The  effect  of  various  fuels  on  wall  temperature  has  been  under 
serious  investigation  in  several  alternative  fuel  programs,  ref  11. 
Since  a  change  in  flame  radiation  is  the  source  of  variation  in  wall 
temperature,  it  is  reasonable  to  expect  that  flame  temperature  and 
fuel  chemistry  (as  it  effects  flame  emissivity)  are  the  major 
variables.  It  is  difficult  however  to  separate  these  two  variables 
since  they  have  strong  interactions  with  each  other.  Moreover, 
evaporation  and  kinetics  can  vary  with  stoichiometry  which  is 
determined  by  combustor  geometry.  The  geometry  effects  make 
engineering  correlations  particularly  difficult. 

Despite  the  entanglement  of  variables  that  affect  flame 
radiation.  Oiler,  ref  12.  has  correlated  wall  temperature  against 
fuel  hydrogen  content,  which  works  as  well  as  other  fuel 
characteristics  in  most  cases.  This  variable  is  used  in  figure  15 
in  an  attempt  to  correlate  two  combustor  configurations  with  a 
variety  of  fuels.  The  development  combustor  configuration  is  the 
same  one  for  which  engine  smoke  data  is  presented  in  figure  13  and 
appears  to  correlate  a  reduction  in  wall  temperature  with  increasing 
hydrogen  content.  However,  the  production  configuration  tests  with 
two  shale  fuels  do  not  follow  the  same  trend.  It  is  noteworthy  that 
the  problems  encountered  with  this  type  of  correlation  normally 
occur  with  low  hydrogen  content  fuels  when  the  fuel  chemistry 
changes  from  a  simple  paraffinic  structure  to  a  more  complex 
multi-bonded  (ie.  aromatic)  structure. 

Figure  16  shows  the  same  data  using  aromatic  content  as  a 
correlating  parameter.  All  the  data  now  follow  the  trend  of 
increasing  wall  temperature  with  increasing  aromatics.  This  is 
similar  to  the  trend  found  with  the  smoke  data  and  strongly  supports 
the  hypothesis  that  the  increased  radiation  is  linked  to  an  increase 
in  gas  phase  soot  production  in  this  combustor.  The  differences  in 
wall  temperature  level  coincide  with  configuration  changes  in  the 
combustor  primary  zone  which  gave  lower  wall  temperature  with  less 
smoke . 

CONCLUSIOMS 

The  AGT1500  engine  was  designed  to  operate  on  a  variety  of  fuels 
from  gasoline  to  DF-2.  Laboratory  engine  teste  have  shown 
satisfactory  operation  with  these  fuels  without  any  fuel  control 
compensating  devices.  This  fuel  tolerance  has  been  achieved  by  a 
fuel  system  designed  to  minimize  the  viscosity  effects  in  the  fuel. 
The  fuel  is  finely  atomized  and  droplet  evaporation  does  not  limit 
combustion.  In  addition,  the  recuperative  engine  cycle  provides 
sufficiently  high  temperature  so  that  combustion  is  not  limited  by 
reaction  rate.  As  a  result,  the  combustor  exhibits  acceptably  small 
change  in  efficiency,  smoke,  and  wall  temperature  within  the  normal 
variation  of  these  fuel  types. 
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FIGURE  1  -  AGT  1500  ENGINE 


FIGURE  2  -  MULTI-FUEL  COMBUSTOR  FIGURE  3  -  VISCOSITY  -  TEMPERATURE 
INSTALLATION  IN  CHARACTERISTICS  OF 

AGT  1500  FUELS 


100) 


5  00] 

3|  60l 
og 

I'i  40| 


'■^^^RgqueSTEO  Flow  (74  Dpni 
I  MOOlFJgO  oeSiGN 

I . >nit>al  oes<GN _ 


20' 


_L 

2 


- L - 1 - 1 - 1 _ _ L- 

4  6  8  10  20 

FUEL  VISCOSITY  -  CENTISTOKES 


40 

BE  1099 


FIGURE  4  -  FUEL  CONTROL  OUTPUT  vs  VISCOSITY 


FIGURE  5  -  EFFECT  OF  FUEL  VISCOSITY  ON  PILOT  FLOW  NUMBER 


FIGURE  6  -  FUEL  FLOW  REQUIRED  FOR  IGNITION 


FIGURE  7  -  BLOWOUT  FUEL-AIR  RATIO  AS  A  FUNCTION  OF 
FUEL  VISCOSITY 


EFFICIENCY  -  PERCENT 
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AGT  1500  PRODUCTION  FUEL  INJECTOR 


FIGURE  8  -  MEASURD  SMD  vs  FLOW  RATE.  DF-2  FUEL 


FIGURE  9  -  COMBUSTION  EFFICIENCY  vs  THETA  PARAMETER 


FIGURE  10  -  MULTI-FUEL  COMBUSTION  EFFICIENCY 
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HOnSEPOWEB  be  1098 

FIGURE  11  -  AGT  1500  SMOKE  NUMBER,  DF-2  FUEL 


ACT  1500  MAXIMUM  SMOKE  NUMBER  CORRELATION 
WITH  PRIMARY  20NE  GEOMETRY 
DF-2  FUEL 


FIGURE  12  -  EFFECT  OF  GEOMETRY  ON  MAXIMUM  SMOKE  NUMBER 


AROMATICS  -  PERCENT  BE  1 1 00 

FIGURE  13  -  EFFECT  OF  AROMATICS  ON  SMOKE  NUMBER 


REFERRED  HORSEPOWER  BE1102 

FIGURE  14  -  SMOKE  NUMBER  WITH  NO.  4  OIL 


FIGURE  15  -  EFFECT  OF  GEOMETRY  ON  MAXIMUM  SMOKE  NUMBER 


FIGURE  16  -  AGT  1500  EFFECT  OF  AROMATICS  ON  SMOKE  NUMBER 
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DISCUSSION 


C.  Moses,  US 

The  anomaly  shown  in  Figure  1 5  may  not  be  real.  For  the  shale  oil  JP5  and  DFM  you  show  liner  temperature 
increasing  with  hydrogen  content.  The  change  in  H  is  too  small  for  the  range  of  your  graph  and  the  change  in 
temperature  shown  may  just  be  due  to  normal  scatter,  not  hydrogen  content.  If  you  had  tested  a  fuel  with  14.5 
percent  hydrogen  content  in  that  project  as  well,  the  temperature  may  well  have  been  slightly  lower  giving  you  a 
correlation  line  very  similar  to  the  upper  line  in  the  figure  rather  than  with  an  opposite  slope. 

Author's  Reply 

Regretfully,  only  the  two  fuels  were  tested  with  the  combustor  configuration  before  the  test  rig  and  combustor 
were  disassembled.  The  data  do  emphasize  the  need  for  accurate  measurements  of  temperature,  hydrogen  content, 
and  aromatics. 


H.Saravanamuttoo,  Ca 

The  application  of  the  gas  turbine  to  tank  propulsion  introduces  several  new  operational  problems.  These  include 
extended  low  power  operation,  many  power  changes,  and  perhaps  most  importantly  continuous  operation  under 
conditions  of  heavy  vehicle  vibration  and  shock.  Have  these  factors  had  any  effect  on  engine  and  combustor 
durability? 

Author's  Reply 

The  application  of  a  gas  turbine  to  a  vehicular  application  does  impose  a  greater  number  of  operating  cycles  per 
hour  than  an  aircraft  application.  Moreover,  the  duty  cycle  is  completely  arbitrary  and  can  contain  many  hours 
of  continuous  low  power  operation  as  well  as  high  frequency  maneuvers.  (But  when  compared  to  a  diesel  engine, 
the  gas  turbine  has  been  shown  to  be  extraordinarily  well  suited  to  this  application).  Obviously,  LCF  limitations 
require  that  the  engine  be  overhauled  at  shorter  operating  intervals  than  in  an  aircraft  application.  Vibration  and 
shock  have  not  been  a  problem. 


E.Mularz,  US 

Please  elaborate  more  on  your  Figure  1 1  which  shows  a  peak  in  smoke  number  at  an  intermediate  engine  power 
condition. 

Author's  Reply 

This  characteristic  has  been  faithfully  repeated  in  laboratory  tests  and  has  been  observed  since  the  engine  conception, 
covering  all  combustor  designs  and  fuel  injection  techniques  used  in  development.  The  peak  is  evident  with  fuels 
from  Gasoline  to  Diesel  Fuel  Marine.  The  peak  does  not  occur  close  to  the  peak  in  combustor  fuel  air  ratio  (which 
occurs  at  approximately  1 200  horsepower).  Variations  in  the  amplitude  of  the  peak  generally  scale  with  the  rest 
of  the  smoke  data.  The  biggest  change  in  smoke  number  has  been  found  to  occur  with  variations  in  combustor 
inlet  air  temperature,  increasing  temperature  causing  a  decrease  in  smoke.  It  is  presumed  that  the  shape  of  the 
curve  is  different  from  aircraft  gas  turbine  engine  smoke  characteristics  because  of  the  can-scroll  design  and  the 
recuperative  cycle  which  delivers  high  inlet  air  temperature  at  low  power  conditions.  It  is  hypothesized  that  the 
effect  is  caused  by  high  evaporation  rates  which  cause  locally  rich  burning  and  smoke  production  to  occur  in  the 
primary  zone  with  subsequent  oxidation  reactions  to  occur  the  turbine,  the  path  length  is  fairly  long  and  the  time 
for  oxidation  to  occur  at  high  temperatures  is  considerably  longer  than  would  be  present  in  annular  combustor 
designs.  It  is  inferred  therefore  that  the  soot  oxidation  rate  is  lower  than  the  production  rate  at  idle  but  higher  at 
power  levels  beyond  the  peak  in  the  curve. 
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CONCEPTION  D*UN  FOYER  A  FLUX  INVERSE  POUR  PETITES  TURBOMACHINES 


par 

AndrP  MESTRE  et  Guy  LAGAl?f' 

OFFICE  NATIONAL  D' ETUDES  ET  DE  RECHERCHES  AEROSPATIALES 
B.P.  n®  72  -  92322  CHATILLON  Cedex  (FRANCE) 


SOMMAIRE 


En  vue  de  la  realisation  d*un  foyer  a  flux  inverse  pour  petites  turbo- 
nachines  une  etude  pr^llminatre  a  et^  entreprlse  a  la  presslon  atmosph^rique  en 
absence  du  convergent  a  retour,  afin  de  permettre  I'observation  directe  de  la  zone  de 
combustion  et  d'ameliorer  la  configuration  Initlale  avanc  la  nise  en  oeuvre  des 
mesures  approprlees. 

L'emploi  de  Cannes  a  prevaporisation  a  permis  d*obtenir  des  performances 
int^ressantes  pour  le  constructeur  du  point  de  vue  repartition  de  temperature  a  la 
sortie  du  foyer,  Emissions  de  polluants,  rendement  de  combustion* 


DESIGN  OF  A  COMBUSTION  CHAMBERS  WITH  REVERSE  FLOW 
FOR  SMALL  GAS  TURBINES 


SUMMARY 


Test  bench  experimentation  of  reverse  flow  combustion  chambers  for  small  gas 
turbines  was  first  oriented  towards  atmospheric  operation  in  order  to  allow  direct 
observation  of  the  flame  and  corresponding  movie  pictures. 

Two  different  types  of  fuel  Injection  were  compared  :  mechanical  pulverl*^ 
satlon  and  prevaporisation.  The  latter  technique  gives  higher  performance  :  better 
temperature  distribution,  lover  emission  of  pollutants,  higher  efficiency.  On  the 
other  hand,  cold  start  seemed  easier  with  mechanical  Injection*  Therefore  auxiliary 
fuel  Injectors  had  to  be  used. 
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indlce  d'§mis8lon  d*hydrocarbures  lmbrul€s 
XtNO  ;  'ndlce  d'Smlsslon  de  monoxyde  d'axote 
iNOx:  Indlce  d'^mission  des  oxydes  d*a20te 
^  :  rapport  de  melange  combustible-air 

A  :  accroissement 
^  :  dlametre 

^  :  rendement  enthalplque  de  combustion 
0  :  repSre  angulaire  de  sonde 

INDICES 

a  :  air 

k  :  combustible 

1  :  collecteur  d*alr 

2  :  entree  foyer  sauf  Indication  contralre 

3  :  sortie  foyer 

I  -  INTRODUCTION 


Lea  petites  turbomachines  utlllsSes  notamaent  pour  la  propulsion  d'h^llcopt^res  comportent  un 
compresseur  centrifuge  entratn€  au  moyen  d*une  turbine  axlale.La  sortie  du  compresseur,  dont  le  dlametre 
est  senslblement  deux  fols  plus  grand  que  celul  de  la  turbine »  condltlonne  le  mattre  couple  de  la 
machine,  et  le  volume  dlsponlble  H  la  p^rlph^rle  de  la  turbine  pent  Stre  utilise  pour  loger  la  chambre 
de  combustion.  Afin  de  rSdulre  le  porte  i  faux  entre  les  deux  roues,  I'Icoulement  noyen  dans  la  chambre 
de  combustion  sublt  un  changement  de  direction  ^gal  ^  160^,  d*od  1* appellation  "foyer  3  flux  Inversli'*. 
L*emplol  d'un  tel  foyer  permet  d'utlllser  au  mleux  le  volume  dlsponlble  entre  compresseur  et  turbine,  11 
permet  en  outre  un  d^montage  simple  du  carter  et  du  cube  3  flauBe  sans  qu’ll  soil  nicessaire  de  d§sac- 
coupler  la  turbine  du  compresseur  lore  des  revisions,  c*e8t*3-dire  une  rialisation  modulalre  du  moteur. 

L*€Cude  d'un  foyer  nouveau  au  banc  d'essai  comporte  en  g§n§ral  une  phase  Inltlale  de  mlse  au 
point  au  cours  de  laquelle  I'obsefvatlon  dlrecte  ainsl  que  la  cln^matographle  de  la  zone  de  combustion 
(couleur,  localisation  de  la  flamme,..)  fournlssent  au  sp^clallste  des  §l§ment8  d'apprSclatlon  qul 
servent  de  guide  pour  retoucher  et  amdlorer  la  configuration  inltlale  avant  la  mlse  en  oeuvre  des 
mesures  approprl^es.  Dans  le  cas  du  foyer  3  flux  Inverse,  I'observation  de  la  flamme  Itanc  exclue  par  la 
presence  du  convergent  3  retour,  11  a  paru  aouhaitable  de  retirer  cc  convergent  au  cours  de  la  phase 
Inltlale  afln  de  permettre  une  observation  dlrecte  de  la  combustion  sulvant  une  direction  paralllle  3 
I’axe  du  foyer,  et  par  suite  de  commencer  I'^tude  de  la  combustion  3  la  presslon  atmo8ph§rlque  [1].  Les 
rSsultats  ainsl  obtenus  permettent  une  amllioratlon  de  la  chambre  de  combustion,  tant  en  performance 
(rendement  de  combustion)  qu'en  tenue  du  Cube  3  flamme. 


2  -  FOYER  A  FLUX  INVERSE  EXPERIMENTAL 


Le  deasln  de  ce  foyer,  dont  une  demi  coupe  est  repr§8ent3e  sur  la  figure  1,  a  effectu^  par 
la  Socl§t$  TURBOHECA.  De  type  annulatre,  11  comporte  deux  §13ment8  prlnclpaux  et  dlstincts  embolt^s  I'un 
dans  1' autre  : 

-  le  cube  3  flamme, 

-  et  le  convergent  (non  utilise  lore  des  essals  3  la  presslon  atmosph§rlque) > 

Le  tube  3  flamme  est  constltui  par  I'assemblage  de  trols  ^Ifiments  dlstincts  (virole  externe, 
vlrole  Interne  et  fond)  ;  dlff^rents  perqages  assurent  un  partage  conventionnel  de  l*alr  : 

-  air  de  combustion, 

-  air  de  dilution, 

-  air  de  refroldlssement. 

Lea  orifices  d'alr  de  combustion  et  d'alr  de  dilution  comportent  des  emboutls  de  rayons  appro- 
prl3s.  Les  multiperforations  permettant  le  refroidlasement  de  la  vlrole  externe  et  de  la  vlrole  Interne 
sont  incllnles  par  rapport  3  la  normals  d'un  angle  (gal  3  60*. 

La  preparation  du  melange  combustible  a  3te  effectuee  au  moyen  de  la  prevaporisation,  mats  dea 
essals,  non  decrits  Icl,  ont  egalement  ece  effectuea  avec  des  pulverlaateurs  mecanlques.  Un  premier  Cube 
3  flame  a  ece  equlpe  de  8  Cannes  3  ptlvaporlsatlon  en  forme  de  T  comportent  chacune  deux  sorties 
dlrlgees  vera  la  cime  du  foyer.  La  longueur  des  bras  a  ete  determines  afin  que  les  Jets  carbures 
rencontrent  les  Jets  d'alr  de  combustion. 

L'allumagc  a  Ite  obtenu  3  partlr  d'etincelles  (lectrlques  3  haute  Bnerglc  ;  dans  le  cas  de  la 


pr^vaporlsat Ion  I'alluaage  ne  s'est  possible  qu'en  presence  de  pulv^rlsateurs  auxilialres  all* 
mentis  en  k^ros^ne  au  noyen  d'un  circuit  special.  La  dur^e  d'utillsatlon  des  pulv^rlsateurs  auxilialres 
est  g4n4ralenent  limit 't-  ^  quelques  secondea. 


3  -  BANC  D*ESSAl  POUR  ETUDES  DE  FOYERS  DE  PETITES  TURBOMACHINES 

3.1  -  Essals  i  la  presslon  atmosphferlque 

Une  deml  coupe  schdtaatlque  du  laontage  es  represenc^e  sur  la  figure  2  et  cooporte  essenclel" 
lement  un  coilecteur  d*air  de  forme  annulalre  altu^  B  l*ext4rleur  de  la  chambre  de  combustion  dont  le 
•volume  est  sufflsant  pour  assurer  la  tranqullliaation  du  flux.  Ce  coilecteur  est  raccord^  par  I'lntet'* 
a^diaire  d*un  convergent  d  un  dlatrlbuteur  d'air  annulalre  qui  sinule  la  sortie  d’un  compresseur  centrl* 
fuge.  Une  chemise  d’eau  de  forme  annulalre  permet  d'^viter  I’lchauffement  de  la  face  interne  du 
coilecteur  d'air  au  contact  des  prodults  de  combustion.  I.'ivideisment  central  du  coilecteur  permet 
I 'observation  ainsl  que  la  cln^matographle  de  la  zone  de  combustion  suivant  la  direction  axlale  de 
1 ' ecoulement . 

3.2  Instruments  de  mesure 


Outre  lea  mesures  de  debits  (air,  combustible),  la  qualification  de  1' Ecoulement  Issu  du  foyer 
est  effectuEe  du  point  de  vue  presslon,  tempErature,  composition  chimlque,  au  moyen  de  sondes,  mobiles 
autour  de  I'axe  du  foyer,  et  qui  peuvent  decrire  des  cercles  concentrlques  Equldlstants.  Ces  sondes  sont 
equlpEes,  soit  de  5  prises  de  presslon  d'arrSt,  solt  de  5  thermocouples  B  fll  nu,  solt  encore  de  5 
prises  de  prelEvement  d' Echantlllons  de  gaz  ;  elles  sent  dlsposEes  radialement  sur  des  mats  profllEs  et 
refroidls  par  circulation  d’eau. 

Les  Echantlllons  de  gaz  sont  transportEs  au  moyen  de  llgnes  chauffEes  jusqu'aux  analyseurs  et 
dosEs  d'une  faqon  continue  : 

'  CO2,  CO  par  absorption  Infrarouge, 

-  CxHy  par  Idnlaaclon  de  flamme, 

-  NOx  par  chemiluminescence. 

Au  cours  de  chaque  essai,  la  totalltE  de  I'EcouIement  annulalre  est  explorE  en  presslon 
d'arrEt,  en  tempErature  et  en  composition  chimlque.  Les  diffErentes  mesures  sent  stockEes  dans  les 
mEmolres  d’un  ordlnateur  et  un  programme  de  calcul  approprlE  assure  les  dEpoulllements  en  temps  rEel. 


4  -  RESULTATS  D'ESSAIS 


Les  rEsultats  dEtalllEs  concernent  I'exploration  de  la  section  de  sortie  du  foyer,  solt  en 
tempEratures,  soit  en  concentration  d' Echantlllons  de  gaz  suivant  32  rayons  de  rEfErence  rEgullErement 
espacEs. 


4.1  -  Observation  et  photographic  de  la  flaaoe 

L ’observation  directe  de  la  flamne  a  notaament  permls  d'optialser  la  position  longltudlnale 
des  Cannes  afln  que  la  flamne  occupe  entlErement  le  fond  du  foyer.  Un  excEs  ou  un  dEfaut  de  pEoEtration 
des  Cannes  dans  la  zone  de  combustion  s'accompagnalt  d'une  localisation  de  la  flamsie,  solt  au  voisinage 
de  la  vlrole  Interne,  soit  au  voisinage  de  la  vlrole  externe.  La  figure  3  reprEsente  I'aspect  de  la 
flamne  sprEs  optimisation  de  la  position  longitudinals  des  Cannes  et  dans  le  css  du  rEglme  de  relent!  au 
niveau  du  sol. 

4.2  -  DElal  d'allumage 

Le  dElai  d'allumage  a  EtE  dEtermlnE  en  fonction  du  dEblt  d'air  ainai  qu'en  fonction  des  dEbits 
de  combustible  injectEs  su  moyen  des  pulvErlsateurs  auxilialres  et  des  cannes  E  prEvaporlsatlon,  A  dEblt 
d'air  constant,  1' augmentation  du  dEblt  de  combustible  ,  solt  au  moyen  dea  pulvErlsateurs  auxilialres, 
solt  au  moyen  des  Cannes  E  prEvaporlsatlon  entratne  une  rEductlon  du  dElal  d'allumage*  Pour  un  couple  de 
valeurs  dEtermlnEes  des  dEbits  de  combustible,  le  dElal  d'allumage  augments  relatlvement  peu  avec  le 
dibit  d'air  :  11  peut  mEme  dlmlnuer  lorsque  la  valeur  du  dEblt  d'air  est  sufflsante  pour  assurer  la 
pulvirlsation  aErodynamlque  dans  les  Cannes. 

A  la  suite  de  I'expErlmentatlon  effectuEe,  pour  les  conditions  normales  de  dEmarrage  E  la 
presslon  atmosphErlque  (allumage  au  sol),  11  eat  possible  de  cholstr  des  valeurs  de  dibits  de  combus¬ 
tible  pour  lesquelles  le  dElal  d'allumage  n'excEde  pas  5  secondes,  IndEpendamment  de  la  valeur  du  dibit 
d'air. 

4.3  -  Ripartltlon  dea  tempEratures  E  la  sortie  du  foyer 

Les  relevEs  de  tempEratures  d' Ecoulement  E  la  sortie  du  foyer  ont  EtE  effectuEs  dans  un  plan 
de  mesure  normal  E  I'axe  du  foyer.  La  figure  4  permet  de  altuer  la  trace  D  de  ce  plan  sur  un  plan  de 
coupe  mErldlen  :  cette  trace  eat  repErEe  par  rapport  E  I'axe  de  I'oriflce  de  dilution  Interne  au  moyen 
de  la  distance  d.  On  dlatlnguc  Egalenent  sur  la  figure  3,  les  positions  et  les  numEros  (1  E  5)  des 
thermocouples  dlstants  deux  E  deux  de  8  mlllimEtree. 

En  absence  du  convergent,  les  relevEs  de  tempEratures  ont  tout  d'sbord  EtE  effectuEs  dans  la 
section  termlnsle  du  tube  E  flemme  (d  •  40  mm)  ce  qui  correspond  E  une  longueur  de  dilution  relatlvement 
feible  per  rapport  E  la  longueur  rEclle  en  prEsenee  du  convergent.  Afln  d'epprEcier  I'effet  de  ce 
convergent,  le  tube  E  flemme  a  EtE  prolongE  par  une  vlrole  annulalre  de  32  s«  de  longueur,  Equlvsleote 
su  coovsrgsnt  du  point  de  vue  temps  da  sEjour,  ce  qui  a  permls  d'sugmenter  la  longueur  de  dilution  dr 
d  •  40  mm  I  d  •  72  mm. 
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Afln  d’lllustrer  les  prlnclpaux  resultats,  on  a  represent^  sur  les  figures  3  et  6  deux  Evo¬ 
lutions  clrconfErentlelles  des  facteurs  locaux  de  temperature  PLT  correspondant  2  des  longueurs  de 

dilution  de  d  ■  40  aim  (fig.  5)  et  d  ■  72  nua  (fig.  6)  respectlvement . 

Ce  facteur  FLT  deflnl  par  : 

Tj  -  T£ 

a  Ete  deterslnE  aux  cinq  rayons  Zt  indlques  sur  les  figures.  II  caracterise  I'Ecart  local  de  la 

temperature  T^l  par  rapport  4  la  tempErature  moyenne  Xs  rapporcE  i  I'accroissement  noyen  de  la 

temperature  Si  la  traversEe  du  foyer,  Xg  ^  Tz  •  Ce  facteur  a  EtE  dEterminE  dans  le  cas  du  niveau  de 

tempErature  maximal,  solt  senslblement  T5  *  1250  iC  et  pour  une  valeur  de  la  tempErature  d'entrEe 

foyer  *  633  K. 

Lr 1  courbes  correspondant  aux  diffErents  thermocouples  peuvent  Etre  repErEes  par  les 
dlffErents  traits  prEclsEs  sur  le  schEma  annexe. 

II  ressort  de  la  comparalson  des  deux  figures  que  les  facteurs  locaux  de  tempErature  peuvent 
Etre  redults  d'envlron  30  pour  cent  par  augmentation  de  la  longueur  de  dilution  (d  *  40  mm  E  d  »  72  mm), 
en  particuller  le  FLTM  (facteur  local  de  tempErature  maximal)  est  rEdult  de  0,39  I  0,19. 

L'effet  de  la  longueur  de  dilution  d  sur  les  facteurs  de  tempErature  pour  les  dlffErents 

rEglmes  du  moteur  simulEs  peut  Etre  rEsumE  au  moyen  du  tableau  numErique  sulvant  : 


— 

d  (nm) 

N 

T2  K 

T3  K 

FLTH 

1 

FGT 

FRT 

40 

0.6 

425 

1 

842 

0,31 

0,36 

0,043 

40 

0.6 

428 

853 

0,28 

0,38 

0,042 

40 

1 

637 

1233 

0,37 

0,38 

0,052 

40 

1 

637 

1221 

0,39 

0,37 

0,053 

72 

0.4 

352 

742 

0,22 

0,25 

0,055 

72 

0,6 

431 

854 

0,16 

0,24 

0,033 

72 

1 

640 

1195 

0,17 

0,20 

0,031 

72 

1 

632 

1267 

0,19 

0,22 

_ 1 

0,031 

Les  facteurs  de  tempEratures  correspondent  aux  trots  dernlEres  colonnes  sont  : 


-  FLTH  :  facteur  local  de  tempErature  maximal 


FlTM  ^ 


-  PGT  :  facteur  global  de  tempErature 


F&r  = 


IK  ~  T» 

T.  -  Tt 


*  FRT  :  facteur  radial  de  tempErature 


FRT 


Thm  -  T3 

T,  -  Tt 


La  rEductlon  daa  factaurs  da  tamplratura  rEmultamt  da  I'augmantatloii  de  la  longueur  da 
dilution  d  ast  plus  marquia  dans  la  cas  du  rtglM  ■axiul  <11  •  I)  que  dene  le  cee  du  rigtae  de  rcleatl 
(N  •  0,6),  cette  reduction  eet  reepectlveaent  igale  1  : 


} 


I 
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-  53  pour 

-  64  pour 
-41  pour 


cent  pour  le  FLTM, 
cent  pour  le  FCT , 
cent  pour  le  FRT . 


1 


( 

j 


1 


I 

i 

j 


4.4  -  Analyse  des  prfelivements  d*€chantlllons  de  gaz  i  la  sortie  du  foyer 

L'analyse  des  ichantlllons  de  g&z  pr^levha  2  la  sortie  du  foyer  permet  de  connattre  les 
fractions  solalres  CO2 ,  CO,  CxHy  (en  Equivalent  de  CH4),  NOx  (en  Equivalent  de  N02)«  A  partir  de 
ces  fractions  tsolalres  on  dEterolne  les  valeurs  locales  du  rapport  de  mElange  combustible,  des  Indices 
d'Emlsslon  des  polluants,  du  rendement  enthalpique.  Les  relations  utilisEes  pour  effectuer  les  calculs 
sont  rappelEes  en  annexe. 

a)  Emissions  de  polluants 

Les  valeurs  moyennes  des  fractions  molalres  X  des  polluants  mesurEes  i  la  sortie  du  foyer 
alnsl  que  les  indices  d'Emlsslon  le  correspondents  aux  produtts  sulvants  : 

-  monoxyde  de  carbone, 

-  hydrocarbures  ImbrQlEs,  en  Equivalent  de  mEthane, 

-  oxydes  d' azote,  en  Equivalent  de  bloxyde  d' azote, 

ont  EtE  reprEsentEes  en  fonctlon  du  rapport  de  mElange  sur  les  figures  7,  8  et  9. 

Les  courbes  en  trait  dlscontlnu  alnsl  que  les  points  blancs  correspondent  aux  fractions 
molalres  X,  lea  courbes  en  trait  pleln  alnsl  que  les  points  nolrs  correspondent  aux  Indices  d'Emlsslon 
exprimEs  en  gramme  de  polluant  par  kilogramme  de  combustible  brulE.  II  ressort  de  I'examen  de  ces 
figures  que  : 

-  figure  7  :  I'lndlce  d'Emlsslon  du  monoxyde  de  carbone  prEsente  une  valeur  mlnlmale  qul  correspond 
approxlmatlvement  A  la  valeur  nominale  du  rapport  de  mElange,  solt  ^  *  0,011  (leCO  *  50  g/kg),  dans 
le  cas  du  rEgime  de  ralentl  (N  -  0,6)  et  ^  *  0,022  (leCO  •  20  g/kg)  dans  le  cas  du  rEglme  maximal 
(N  -  1)  ; 

-  figure  8  :  aucune  trace  d'hydrocarbures  ImbrOlEs  n*a  pu  Etre  dEtectEe  A  la  sortie  du  foyer  dans  le  cas 
du  rEglme  maximal  (N  •  1)  ;  dans  le  cas  des  rEglmes  de  ralentl  (H  •  0,6  -  N  *  0,4)  les  valeurs  de 
I'lndlce  d'Emlsslon  restent  toujours  InfErleures  E  1  gramme  d'hydrocarbure  ImbrOlE  par  kilogramme  de 
combustible  brdlE.  (L'apparlclon  locale  d'hydrocarbures  ImbrlilEs  caractErlse  un  injecteur  partlel* 
lement  bouchE)  ; 

-  figure  9  :  la  fraction  molalre  d'oxydes  d'azote  augmenCe  rEgullErement  avec  le  rapport  de  mElange 
alnsl  qu’avec  la  tempEratura  de  I'alr  d  I'entrEe  du  foyer  :  la  valeur  correspondant  au  rEglme  maximal 
(N  -  1)  est  Sgale  a  60. lO'*. 

Les  valeurs  de  I'lndlce  d'Emlsslon  soot  respectlvemenC  Egales  A  2,8  et  4,3  graces  de  bloxyde 
d'azote  par  kilogramme  de  combustible  dans  le  cas  du  rEglme  de  ralentl  (N  *  0,6)  et  dans  le  cas  du 
rEglme  maximal  (N  *  1). 

Randement  de  combustion 

Las  valeurs  moyennes  srlthmEtlques  du  rendement  enthalpique  dEtermlnEes  3  la  sortie  du  foyer  3 
partir  des  valeurs  locales  ont  EtE  reporcEes  sur  la  figure  10  en  fonctlon  du  rapport  de  siElange 
global  Le  tableau  numErique  sltuE  3  la  partle  supErleure  de  la  figure  permet  de  prEciser  les 

valeurs  des  paramEtres  : 

*  fV  »  rEglme  du  moteur  slmulE, 

-  Yl  t  tempErature  de  I'alr  3  I'entrEe  du  foyer, 

-  iX  *  facteur  de  charge  aErodynamlque« 

11  ressort  de  I'examen  de  cette  figure  que  les  rendements  correspondent  au  : 

-  rEglme  maximal  (N  *  1)  sont  Egaux  3  0,994  et  IndEpendants  du  rapport  de  mElange  dans  le  domalne 

d'expErlmentatlon  ; 

-  rEgime  de  ralentl  (N  «  0,6)  prEeentent  une  valeur  maximale  ^  •  0,987  pour  le  valeur  nominale  du 
rapport  de  mElange,  eoit  *  0,011  ; 

-  rEglme  de  dEmarrage  (N  -  0,4)  sont  encore  volelns  de  ^  •  0,980. 

II  convlent  de  notcr  que  lee  bone  rendemente  qul  flgureot  cl*deeeue  ont  EtE  obtenua  lora  d'une 
expErimentatlon  3  la  praaalon  atmoaphErlqua,  c'eat'*3-dire  dane  le  cat  d’une  charge  aErodynamique  relati*- 
vemant  forta  par  rapport  3  ccllc  du  foyer  rEel. 


5  -  COWCLUSION 


Dana  la  cadre  de  la  concaptlon  d'un  foyer  3  flux  InvereE  pour  petltea  turbomachlnee  une 
premlire  phase  d'Etude  3  la  praaalon  acmoaphErlque,  eana  cowrargant  de  rcCour,  aflo  da  vlauallear 
aiaEmant  la  fona  da  conbuatlon  at  da  aupprtmar  las  Imparfactlons  mlaaa  an  Evldanca  au  court  daa  premiere 

eaaala,  a  EtE  affactuEa. 

Catta  Etude  a  montrE  qua  I'amplol  da  caonas  3  prEvaporlaatlon  parmattalt  I'obeantlon  da 
parformancaa  corractaa  dana  uo  large  domalne  da  varlatloo  daa  param3traa  itudlEa,  tout  partleulllramant 
du  point  da  sue  : 


I 


/ 


t 
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“  repartition  des  temperatures  S  la  sortie  du  foyer, 

*-  emission  des  polluants, 

-  rendement  de  combustion. 

Les  dlfflcultes  rencontreee  lors  de  l*allu»age  en  presence  d'air  frold  ont  pu  etre  surmontees 
grSce  a  des  pulverisations  auxlllaires. 

II  faut  cependant  remarquer  que  l*etude  effectoee  I  la  presslon  atmospherique  n’a  pas  permls 
de  juger  de  La  resistance  thermo— mecanlque  du  foyer  alnsi  que  I'efflcaclte  du  ref roldissement  par  multi- 
perforations  ,  aucun  problems  n'etant  apparu  a  la  presslon  amblante. 
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AJfflEXE  :  Definition  des  paranetres  caracterisant  les  performances  des  foyers. 

La  formulation  sulvance  des  resultats  d'analyae  de  gaz  est  utlllsee  con jointement  par  les 
Socletes  TURBOMECA  et  SNECMA  alnsi  que  par  le  CEPr  (Centre  d'Essals  des  Propulseurs  de  Saclay). 

A  partlr  des  fractions  molalres 

XCO2,  XCO,  XCxHy  en  equivalent  de  CH4» 

XNO,  XNOx  en  equivalent  de  N02t 

on  determine  successivement  : 

1  -  Rapport  de  melange 

XC02  +  XCO  +  XC„Hv  -  29. lO'^ 

o< _ t - - 

2,078  +  XCO2  -  0,038  XCO  -  XC^y 

2  -  Polluants  !  Indlce  d* Emission 

28  1+0^ 

leCO  •  -  XCO — -  10^ 

29  ■ 

16  1  +  CX. 

leCxHy  - -  XCxHy - — -  103 

29 

30  1  +  »< 

leNO  - - XNO  -  10^ 

29 

*6  1  +  0( 

leNOx  - XNOx  -  103 

29  °< 


3  -  Rendement  enthalplque 
Avec  : 

-  1  -  10-2  (AleCO  +  BleCxHy  +  CI,N0x) 

A  -  0,0234  +  3.10-6  ^ 

2 

B  -  0,1148  +  7,5.10-6  T2  +  1,5.10-8  (R)  2 
2  2 

C  -  0,00481  +  0,5.10-6  T2 
2 


T2  dCtlgnant  la  taapirature  an  dcgris  Calaliu  de  I’alr  t  I'entrCe  du  foyer 
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Fig.  1  -  Foyer  d  flux  inverse 


Plan  de  coupe  montrant  les  orifices  d'air 
de  combustion  et  de  dilution 
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Fig.  2  -  Montage  pour  essais  ^ 
la  pression  atmosph^rique. 
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Fig.  3  -  Regime  de  rplenti  (regime  moteur 
Equivalent  N/N^  =  0,6). 
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Fia  4  -  Position  des  thermocouples 

i  la  sortie  du  foyer. 

Fig.  5  -  Repartition  circonf^rentielle  des  facteurs  locaux  de  temperature. 


Fig.  6  -  Repartition  circonterentielie  des  facteurs  locaux  de  temperature. 


DISCUSSION 


G.WinterfeW,  Ge 

The  radial  temperature  distribution  was  measured  without  the  elbow  part  of  the  reverse  flow  combustor.  Can  you 
comment  on  the  influence  of  that  bend  on  the  radial  temperature  distribution  at  the  entrance  of  the  nozzle  guide 
vanes? 

R^ponse  d’Auteur 

A  la  sortie  du  tube  a  flamme,  le  profil  radial  moyen  de  temperature  est  relativement  plat.  La  necessite  de  refroidir 
le  convergent  au  moyen  de  films  d’air  permet  d’obtenir  i  I’entree  du  distributeur  de  turbine  un  profil  radial  moyen 
plus  accentu^,  conforme  a  celui  souhaite  pour  les  aubes  mobiles  de  la  turbine. 


B.Simon,  Ge 

For  ignition,  air  temperature  is  very  important.  What  was  the  air  temperature  during  your  ignition  tests’ 
Reponse  d'Auteur 

Au  cours  des  essais  d'allumage,  la  temperature  de  fair  ^tait  voisine  de  245  K;  le  kerosene  ^tait  egalement  injecte 
a  la  meme  temperature. 
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S'  NTMARV 

'  c^>nl  i  nu  i  r.g  ('f  f  fc  T  i  \'('noss  of  the  vaporiser  fuel  iniection  system  is  demonstrated 

in  sucli  enoines  as  the  Olymfms  ‘>'■'*3  (in  Concorde),  the  Pegasus  (in  Harri<-r)  and  the  RBO'*' 
(in  Tornado).  Its  pot<MHial  is  illustrated  by  its  selection  for  the  RBri]-CH'’  advanced 
TeclinolMqy  dr  mnn  s  t  r  a  1  i  on  f'ngine  hut,  like  other  fuel  iniection  systems,  it  is  ‘^iihiect  t* 
i  ricroa^  i  ngl  y  sevrrf'  Lmand-  ar^d  'luties  resulting  from  the  imposition  of  omissions 
}  foi 1  a  r  i  on ,  incroa'^inn  engine  pressure  ratios,  and  reducing  fuel  quality.  To  meet 
thesc'  new  chal  1  f'rige<=.  requir<*s  more  detailed  knowledge  of  the  factors  which  <letermino  how 
flio  device  functions.  The  j^resent  paper  describes  a  spark  photographic  study  of  a 
vaporiser  efflux  in  combusting  and  non-combusting  environments  at  pressures  up  to  f i ve 
atmospheres.  At  simizlated  engine  idle  conditions  the  two  mechanisms  of  fuel  heating 
within  the  vaporiser  (wall  and  airstream)  combine  to  protluce  a  highly  vaporised  efflux. 


rNTRODLCTION 

It  is  widely  acknowledgt  i  that  the  condition  of  the  fuel  delivered  to  the  burning 
/one  is  of  crucial  significance  to  the  performance  of  a  gas  turbine  combustor,  in 
particular  to  the  p^roduction  of  gaseous  and  particulate  emissions.  Consequently, 
numerous  investigations  of  fuel  injector  systems  have  been  carried  out.  However,  with 
very  few  c'xceptions  (Ref  1  and  2),  these  studies  have  been  restricted  to  pressure  jet 
and  airblast  atomisers  operating,  in  the  most,  at  ambient  air  conditions.  The  fact  that 
the  Rolls-Royce  vaporiser  has  not  been  researched  in  any  great  depth  reflects  its 
relatiVi-ly  troublefree  history  (Ref  3  and  4),  but  like  its  competitors  it  is  faced  with 
trends  towards  more  arduous  operating  conditions,  deterioration  in  fuel  quality  and 
compiliance  with  legislation  restricting  pollutant  emissions.  To  meet  these  new  challenges 
requires  more  detailed  knowledge  of  the  factors  which  determine  how  the  device  functions 
and  the  influence  it  has  on  the  mechanical  reliability  of  the  adjacent  flame-tube 
structure. 

It  is  apparent  from  a  simple  analysis  of  the  two-phase  flow  through  the  device  that 
the  airstream  is  the  most  likely  source  of  heat  to  vaporise  the  fuel.  An  obvious  effect, 
therefore,  of  higher  compressor  exit  temperatures  is  a  reduction  in  the  quantity  of  fuel 
available  for  cooling  the  walls  of  the  vaporiser  and  maintaining  its  mechanical  integrity. 
This  can  be  offset  by  reducing  the  fraction  of  combustor  air  which  is  fed  through  the 
vaporiser,  but  it  is  well  established  that  high  vaporiser  air  flows  can  contribute 
considerably  to  the  control  of  pollutant  emissions.  It  would  appear  favourable  to 
achieve  the  situation  where  the  last  of  the  fuel  vap>orises  as  it  leaves  the  vaporiser. 

To  ensure  the  optimum  choice  of  geometric  and  gas  dynamic  parameters,  the  current 
investigation  to  quantify  the  condition  of  the  fuel  at  a  vaporiser  outlet  in  representative 
conditions  was  undertaken.  The  technique  chosen  to  characterise  the  efflux  was  high¬ 
speed  spark  photography.  At  present  this  is  one  of  the  most  accurate  and  least  expensive 
methods  of  particle  analysis  allowing  direct  measurement  of  the  size  and  shape  of 
individual  particles. 

THE  ANNULAR  VAPORISING  CHAMBER 


The  principal  features  of  the  modern  annular  vaporising  chamber  concept  are  depicted 
in  Figure  1.  The  insensitivity  of  combustor  performance  to  fuel  injector  location  and 
the  insensitivity  of  dump  diffuser  performance  to  combustor  head  position,  sanction  a 
one-piece,  rear-mounted  construction  free  from  sliding  joints.  Compatibility  with  dump 
diffusion  permits  the  use  of  a  single  skin  combustor  head  which  is  adequately  cooled  by 
virtue  of  (a)  exposure  to  compressor  efflux  and  (b)  a  fuel-rich  region  in  the  combustor 
head  resulting  from  upstream  injection  of  the  fuel  by  the  vaporiser.  In  addition  to 
delivering  the  fuel  to  the  combustor,  the  vaporiser  helps  drive  primary  zone  recircu¬ 
lations.  T-vaporisers  (Figure  2)  have  been  chosen  for  recent  combustors  to  double  the 
fuel  input  points  for  a  given  number  of  injectors.  Fuel  is  divided  equally  betw'een  both 
outlets  of  the  vaporiser  by  the  injector  head  (Figure  2).  The  absence  of  restrictions 
in  these  fuel  feed  arms  render  this  injection  system  free  from  fuel  gumming  and  blockage 
problems, 

TEST  HARDWARE 


a)  Test  Unit 


In  order  to  meet  the  requirement  of  operation  at  all  conditions  between  atmospheric 
pressure  and  full  power,  a  sector  was  cut  out  from  a  typical  combustor  and  fitted  with 
a  single  vaporiser  and  transpiration  cooled  side  walls.  A  film-cooled  backplate  was 
also  fitted  to  achieve  the  required  pressure  drop  across  the  combustor  walls  as  shown 
in  Figure  3.  To  provide  realistic  inlet  flow  to  the  vaporiser,  a  reasonable  representation 
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<  -  1  i  !"  I '  1  ~t'r  .‘vTrl  .lump  ooomptry  nocP'=^  =  ary.  To  thi«  roqu  ;  rr'nr'riT 

-»rr<-,r  a  i  ?  h  a  hoIZ;r.ouT?;  r-nTr\-  ^To  oivc*  uniform  flow  arni  provi-io  a  rnOAn^;  -jf  '  1  '-v 

:ic;v"-'ir*-T)PrjT  )  was  manu r'ac t uro-i . 

A  tr'Afurr  of  pjodol  was  the*  sight-tube-?  to  provide  optical  accr  ??  t  >  the 

N.'ap''>r  i  sor  f^fi'lux  zoru"'.  Their  size  was  -.ietormined  by  the  space  available  bf  Tween  the 
i-<-'ribu-Tor  wall  feature'i.  Their  position  was  chosen  to  align  with  the  efflux  frori  orie 
vrr'i  of  Tfie  T-\’apor  i  ser ,  but  at  the  same  time  to  minimise  obstruction  to  the  wall  ieatur«:: 

[ir.  particular  the  primary  i>orts)  and  disruption  of  the  burning  pattern  within  the  utii"'. 

I  ’!ti~  i-ui  the\  -.vvi*  .UioU-'l  *•>  th<-  tula-  wall-  -tj-'wn  i'  Koi'o*-  -4.  •  pr.-v,-:,! 

sooT  entering  the  sight-tubes,  holes  were  drilled  in  their  leading  edges  to  allow  a 
puroing  flow  of  cool  suf-^ply  air  through  them  into  the  combustion  chamber. 

l-'uel  was  supplied  to  the  model  from  a  single,  modified  injector.  The  modification 
f.lid  not  influence  the  fuel  jet  trajectory  or  the  pressure  drop.  Ignition  was  achieved 
l  •.  .V  !i  i  c  il  I  n\  I'.jniior  which  enteio.'-l  the  lin  i  1  vi.\  a  transply  wail. 

The  unit  was  housed  in  high-pressure  ducting  with  an  outer  casing  simulation  as 
-h  w!i  in  Figure  b  Suprasil  quartz  windows,  aligned  with  the  sight-tubes  on  the  combustor, 
permitte'l  optical  access. 

)  The  Photographic  System 

The  design  procedure  used  in  arriving  at  the  optical  arrangement  employed  in  this 
study  is  summarised  in  Appendix  1  and  a  schematic  representation  of  the  system  is  shouti 
in  Figure  4.  Illumination  w'as  provided  by  a  Lunartron  Argon  Jet  Light  Source  which 
produced  a  spark  of  approximately  300  ns  duration.  The  internal  optics  of  this  device 
gave  an  in-focus  image  of  the  electrodes  at  a  pinhole  aperture  in  the  end  casing,  A 
100  mm  focal  length  lens,  used  in  conjunction  with  an  aperture  of  1.63  mm  diameter, 
provided  a  parallel  beam  of  light  which  passed  through  the  sight-tubes  of  the  model.  The 
region  illuminated  is  circled  in  Figure  3.  The  camera  lens  focussed  images  of  droplets 
in  the  plane  of  the  film,  the  droplets  appearing  as  dark  regions  on  a  white  background. 

The  prints  in  this  paper  show  a  magnification  of  approximately  four.  To  achieve  best 
economy  of  running  time,  a  HasseXblad  camera  equipped  with  a  150  mm  lens  and  an  automatic 
bellows  extension  was  used.  This  permitted  24  frames  to  be  taken  remotely.  The  camera 
shutter  and  spark  source  were  synchronised.  At  certain  conditions,  the  luminosity 
of  the  flame  was  such  that  reaction  was  occurring  between  the  film  and  the  combustion 
flame.  With  the  camera  already  operating  at  the  maximum  shutter  speed  of  l/500  s,  the 
use  of  an  optical  filter  was  necessary  to  obviate  this  phenomenon,  A  Wratten  filter, 
type  47B,  was  found  most  suitable. 

The  light  source  and  camera  were  mounted  on  individual  optical  rails  and  enclosed  in 
protective  boxes,  flameproofed  by  a  regulated  supply  of  clean,  dry  air.  The  boxes  were 
extended  as  cylinders  surrounding  the  window  bosses  on  the  model  ducting,  with  a  clearance 
to  ensure  that  a  large  proportion  of  the  purging  air  flowed  around  the  windows  and  preve^ntrei 
contamination  of  optical  surfaces  by  rig-generated  moisture. 

TEST  PROCEDURES 


Tests  were  carried  out,  with  and  without  combustion,  and  a  control  experiment  with 
airflows  at  different  temperatures  was  also  completed.  Cold  fuel  (288K)  was  used 
throughout  the  investigation. 

Photographs  were  taken  before  and  after  each  test.  These  revealed  that  sooting  of 
the  windows  was  minimal  and  was  having  no  deleterious  effect  upon  the  technique.  However, 
the  windows  were  cleaned  with  water  and  methylated  spirits  between  tests  to  avoid 
accumulation  of  deposits, 

RESULTS  AND  DISCUSSION 

Phase  I  -  Tests  at  30  psia 

Combusting  -  Effect  of  Air/Puel  Ratio  (AFR) 

The  first  test  at  this  pressure  revealed  the  effect  of  vaporiser  APR  on  the  condition 
of  the  fuel  in  the  efflux.  At  an  AFR  of  6:1  (Plate  la)  very  few  droplets  are  in  evidence 
and  the  bulk  of  the  fuel  would  appear  vaporised.  The  cellular  background  in  this 
photograph  is  attributed  to  inhomogeneities  due  to  fuel  vapour.  Subsequent  tests  with 
high  inlet  air  temperatures  and  no  combustion  (discussed  below)  support  this  claim.  In 
addition  similar  effects  have  been  observed  at  A£RE  Harwell  in  spark  photographs  of 
high  temperature  diesel  sprays  where  high  degrees  of  vaporisation  have  otherwise  been 
shown. 

It  is  important  to  stress  that  the  fact  that  droplets  can  be  seen  in  this  efflux 
demonstrates  that  there  is  not  an  obscuration  problem.  The  progressive  decrease  in  the 
degree  of  vaporisation  (increase  in  droplet  density)  observed  as  the  fuel  flow  is  increased 
(Plate  lb,  c  and  d)  is  further  evidence  that,  if  droplets  exist  in  the  efflux,  this 
technique  is  capable  of  exposing  them.  There  is  of  course  a  limit  to  the  size  of  droplets 
that  can  be  detected  by  this  technique  in  combusting  environments.  It  would  appear  that 
different  limits  apply  to  different  types  of  flames.  Chigier  claims  detection  of 
particles  down  to  5 /im  in  diameter  in  kerosene  flames  (Ref  5)  whereas,  in  the  nighly 
luminous  diesel  spray  flames  studied  at  Harwell,  a  limit  of  30  has  been  set.  Analysis 
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(Tit  rt  ’  >ar  t  i  c\i  1  ar  1  y  t^vitU  tit  in  Plate  lb  is  the  ’toe-’n’  oi  the  vapori-tr  ‘  ifi  ;\ 

’  ^'t  -tt:-!.  Thts  t>ff*ect  ha~  bt^en  observ<>.i  an'i  quantifi‘d  in  a  siuhv'  ’f  viif'ri'tr 

?' J  u  ;  .vherf  an  anule  of  approximately  jO  tj^qroes  was  measured  at  the  ■>ut1c* 

i  (.-.t  1  i !  ir.\  1  C' I  ar  probe. 

•A-  !  ].  1  pa--t  -  thr>-iiqh  tite  vaj.'oriser  it  is  heated  (a)  by  contact  -.vith  i  hr  v.all-  vu 
d  ' :  'tvirj')  with  the  air.  Althougti  it  is  imf^ossiblc  to  study  eacii  mrcharn’“^ri  ir, 
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T  i  nq  -  Fffect  of  APR 

;!;«  iirfl-'>\‘.  c''>n' i  i  t  i  oris  wrre  as  in  the  yirevious  test  and  the  fuel  flov/  was  v.xri*  '  '  > 

(.'  \’rr  -.i-rit  r.iTioc  of  AhlxS.  It  is  apparent  from  the  comparisons  made  in  Platf  _  -fia* 

t!,.  ca^tiVecMve  and  ra<liaTiv«-  fluxes  from  the  hot  pr  i  mary-T’one  gases  to  the  va{ori-*r 
A.vll-  .vre  ri  -p-  tisil  l*  f'^ir  the  vaporisation  of  a  considt'rable  proportion  of  the  fat:  ]  . 

C-  !  i  Tig  -  Effect  of  Inlet  Air  Temperature  (T'^) 

In  this  tf  -r  Tia  inlet  air  temperature  was  varied  in  the  range  45h-''2AK.  Ria  ]  ros«!;r* 
A,  -  ir.creasrd  i\i  line  with  the  tr^mperature  to  giv'c  a  constant  APR  throughout  the  test. 

Ari  APR  ''f  •( :  1  was  consitlt  red  suitable  since  this  condition,  already  obser\'ed  at  -in’K 

fplata  Id),  '■'fferrd  ample  «copc>  for  improvements  in  vaporisation  lev'^els.  The  effict  u' 
inlet  air  i  i-mperature  is  demonstrated  in  Plate  1.  A  marked  increase  in  tlie  dcoree  ''f 
vapori  sat  i'ln  is  observed  as  the  temperature  is  raised  to  '?'23K  and  further  increases 
in  temperature  are  reflc'Cted  in  progressively  improved  v'aporisation  levels  until  no 
liq.iid  fuel  is  detected  in  the  efflux.  This  occurs  at  a  temperature  of  "I'AK. 

Although  it  is  mentioned  above  that  the  two  meclianisms  of  fuel  heating  caiUiOt  be 
separatO(i  (since  increasing  the  inlet  air  temperature  will  increase  pr i mary-xone 
temperatures  and  hence  vaporiser  wall  temperatures)  the  substantial  improv'ement  in 
vapourisation  observed  in  going  from  453-  523K  is  far  beyond  that  which  woubi  be  brougli, 
about  by  a  degree'  increase  in  primary  zone  temperature.  This  implies  intimate  c-ontacT 
between  fuel  and  air  (high  levels  of  premixing)  within  the  vaporiser  considering  the 
short  residence  times  involved  (1  ms).  In  an  attempt  to  quantify  the  efficiency  of  fuel 
heating  by  this  mechanism  a  series  of  non-combusting  tests  were  undertaken. 

Non-combusting  -  Effect  of  Inlet  Air  Temperature  over  a  Range  of  AFRs 

These  tests  were  carried  out  in  the  absence  of  combustion  in  order  to  minimise  fuel 
heating  due  to  contact  with  the  vaporiser  walls  and  show  the  effect  of  inlet  air 
temperature  over  a  range  of  AFRs.  Air  temperature  was  varied  in  t/ie  range  4‘'3-b''^K  and, 
a--  'i.n.  the  pretdous  series,  the  air  pressure  was  increased  in  line  with  temperature  tn 
give  constant  mass  flow.  At  each  setting  fuel  flow  wa^  varied  to  cover  the  range  of 
AFRs  i3-6).  The  trends  observed,  as  exemplified  in  Plate  4,  demonstrate  the  sensitivitv 
of  the  degree  of  vaporisation  to  air  temperature  and  provide  further  evidence  of  tlie 
significance  of  this  mechanism  of  fuel  heating. 

Calorimetric  calculations  Viased  upon  these  results  show  that  to  fully  vaporise  the 
fuel  (delivered  cold),  the  heat  energy  of  the  airstream  must  be  of  the  order  of  3." 
times  that  required  to  do  so,  ie  this  mech^^nism  of  fuel  heating  ivould  appear  4n'-4"  j^er 
rent  efficient.  At  realistic  engine  running  con<iitions  this  efficiency  should  increase 
due  to  hi  her  fuel  delivery  temperatures  (approximately  420K)  and  tlie  lesser  si  gn  i  f  i  canc-< 
of  latent  heat  effects. 

It  was  conclu<lecl  in  an  earlier  section  that  vaporised  fuel  was  giving  rise  to  the 
inhomogeneities  causing  the  cellular  structure  of  some  photographs.  The  fact  that  the 
same  effect  is  present  in  th<»se  tests  with  no  combustion  is  proof  of  this  point. 

Phase  2  -  Tests  at  55  psia 

Combusting  -  Effect  of  AFR 


Pngine  idle  conditions  were  simulated  with  the  exception  of  the  fuel  delivery 
temperature.  At  the  representative  AFR  of  6:1  (Plate  5a)  the  fuel  appears  to  he  highly 
vapori Sfd  with  no  droplets  observed  in  the  efflux.  This  result,  although  somewhat 
unexpected,  is  accountable  for  in  terms  of  the  two  mechanisms  of  fuel  heating  within  t  lie 
'/apori  ser . 

Calculations  show  that  approximately  20  per  cent  of  the  fuel  will  he  evaporated  by 
heat  transfer  from  the  vaporiser  walls.  To  achieve  complete  evaporation  would  require 
approximately  43  per  cent  of  the  heat  available  in  the  airstre.vm  to  he  transferred  t  ri 
the  fuel.  In  light  of  the  efficiencies  reported  above  for  this  mechanism,  a  high 
degree  of  v'apor  i  sat  i  on  would  he  expected.  At  true  engine  idle  conditions  where  the  furl 
delivery  temperature  is  much  higher,  full  vaporisation  should  easily  be  accomplished. 

The  technique  is  able  to  detect  the  very  high  frequency  variations  to  which  all  fuel 
injectors  and  combustors  are  subjected;  to  obtain  a  good  account  of  the  average  situation, 
up  to  25  photographs  were  taken  at  each  test  condition.  At  idle  no  photograph  showed 
un vaporised  fuel . 


1  \4 


As  t  pfl ,  tho  deqrc^o  of  vaporisation  decreased  as  the  fuel  flow  was  increased. 

(Plate  "b,  c  an<l  d).  The  fact  that  droplets  are  clearly  detected  at  an  APR  of  5:1  is 
encouraging  in  that  the  heat  transfer  calculations  reported  above  showed  the  APR  6:1 
condition  to  be  marginal  regarding  full  vaporisation. 

The  photographs  presented  so  far  tvere  taken  with  the  focal  plane  in  the  centre  of  the 
efflux.  A  traverse  of  the  vaporiser  outlet  in  2  mm  steps  demonstrated  that  the  high 
degree  of  vaporisation  applies  to  he  entire  efflux.  Laboratory  tests  prior  to  rig 
running  revealed  that  such  intervals  would  give  comprehensive  coverage  of  the  outlet. 

\on~combustinq 

More  evidence  of  the  significance  to  v.aporiser  performance  of  heat  removal  from  the 
walls  by  the  fuel,  was  obtained  in  further  tests  comparing  combusting  and  non-combusting 
of  fluxes . 

A  control  experiment  (in  the  absence  of  fuel)  was  carried  out  to  determine  whether 
i nhomogenei t ies  due  to  turbulence  in  the  airstream  were  in  any  way  responsible  for  the 
cellular  structure  of  the  efflux.  Air  temperature  was  varied  in  the  range  3‘^3-673K. 
Results  showe  1  that  no  contribution  to  the  appearance  of  the  photographs  is  made  by  the 
airflow. 

Phase  3  -  Tests  at  75  psia 

Combusting  -  Effect  of  AFR 

At  a  vaporiser  AFR  of  6:1,  no  droplets  are  detected  in  the  efflux.  This  result  is  in 
line  with  the  prediction  based  upon  the  empirical  rules  derived  above  as  is  the  fact  that 
unvaporised  fuel  is  observed  when  fuel  flow  is  increased  to  give  an  AFR  of  4:1, 

CONCLUSIONS 


Spark  photography  has  been  applied  successfully  to  the  study  of  fuel  condition  at  a 
vaporiser  outlet  in  combusting  and  non-combusting  conditions.  The  technique  has  been 
demonstrated  to  be  capable  of  detecting  droplets  as  small  as  20  jjim  in  diameter  in 
combusting  environments  typical  of  annular  vaporising  flame-tubes.  Although  it  is 
probable  that  smaller  droplets  exist  in  the  vaporiser  efflux  at  certain  conditions, 
investigations  have  shown  that  they  burn  as  would  a  completely  vaporised  mixture  (Ref  6), 

Contrary  to  international  opinion,  high  degrees  of  prevaporisation  are  achieved 
within  the  vaporiser  at  realistic  engine  conditions.  These  observations  are  consistent, 
however,  with  the  work  of  Vezhba  (Ref  2).  In  a  series  of  phase  discrimination  studies 
he  measured  degrees  of  vaporisation  of  the  order  of  per  cent  for  both  L-shaped  and 
co-axial  vaporising  elements  operating  at  conditions  similar  to  those  of  the  engine  idle 
in  the  current  investigation. 

The  efficient  premixing  of  the  fuel  and  air  and  the  high  fuel  evaporation  levels 
occurring  within  the  vaporiser  help  to  explain  the  low  emission  performance  of  the 
annular  vaporising  chamber. 

If  the  empirical  rules  derived  above  apply  to  higher  power  conditions,  fully  vaporised 
effluxes  will  be  typical  of  vaporiser  performance, 
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APPENDIX  1 

OPTICAL  SySTEM 


The  Lens 

Using  a  150  mm  focal  length  lens  and  the  standard  lens  formula 

1  -  i  i 

F  “  u  ^  V 

where  F  is  the  focal  length,  u  is  object  distance  and  v  the  image  distance 

it  was  calculated  that  the  distance  between  the  caanera  lens  and  the  plane  of  interest  in 
the  model  should  be  275  mm.  The  resulting  image  will  be  in  focus  on  a  plate  330  mm 
from  the  lens  giving  a  magnification  v  of  1.2. 

u 


In  order  to  v=^rr*  the  position  of  the  plane  in  the  model  to  be  photographed,  both  the 
lens  and  the  camera  back  are  moved  together  to  maintain  the  same  overall  optical 
arrangement  and  produce  consistent  magnification. 


The  Aperture 


The  size  of  aperture  together  with  the  focal  length  of  the  lens  in  use  defines  the 
depth  of  field  which  is  achieved,  ie  the  depth  which  will  produce  images  which  are  in 
focus  on  the  film.  In  this  study,  where  a  small  depth  of  field  is  desirable,  the 
largest  possible  aperture  -  that  provided  by  the  sight-tubes  of  the  model  (23.4  mm)  - 
was  chosen. 


The  depth  of  field  is  defined  as  the  difference  between  the  lens  Near  Point  and  Far 
Point.  These  in  turn  are  given  by  the  following  equation: 


Near  Point 


Fu  (F  t  cN) 
+  UCN 


Far  Point  = 

F  -  ucN 

where  F  =  focal  length  of  overall  lens  system 

u  a  object  distance 
N  a  relative  aperture  (F  number) 
c  a  diameter  of  circle  of  confusion 

The  circle  of  confusion  of  an  image  is  the  circle  produced  by  a  point  object  when 
nominally  in  focus.  If  it  is  assumed  that  the  smallest  droplet  to  be  measured  is  20  ^m, 
then  the  image  size  for  the  'Hasselblad*  camera  becomes  1.2  x  20  pm  a  0.024  mm. 

Now  let  the  diameter  of  the  circle  of  confusion  be  10  per  cent  of  this  minimum 


droplet  size. 

ie 

c  =  0,0024  mm 

Thus  for 

Fa  150  mm 

u  a  275  mm 

Aperture  diameter  »  23.4  mm  giving  N  *  5574  *  6.41 

and  c  s  0.0024  mm 

Near  Point  a  274,976 
Far  Point  »  275,023 
Depth  of  Field  a  0.05  mm 


Figure  4  Schematic  representation  of  rig  layout 


Figure  5  Zone  illuminated  by  spark 


Plate  1  Combustion  at  30  psia  (T3  =  453K)  -  Effect  of  APR 


Plate  4  Non-combustion  at  30  psia  -  Effect  of  AFR,  T3 


1  i-i: 


(a)  AFR  =  6 1 1 


(b)  AFR  =  5:1 


(c)  AFR  =4:1 


(d)  AFR  =  3:1 


Plate  5  Combustion  at  55  psia  (T3  =  453K)  -  Effect  of  AFR 
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EFFECTS  OF  AIRBLAST  ATOMIZER  DESIGN  I'PON  SPRAY  QUALITY 
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Cranfield,  Bedford  MK43  OAL 
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SUMMARY 


This  paper  reviews  the  results  of  numerous  investigations  that  have  been  conducted  on  airblast 
atomization  as  applied  to  gas  turbine  engines.  The  primary  motivation  for  this  is  the  need  to  identify 
the  effect  that  various  design  features  have  upon  the  spray  quality  so  that  atomizers  of  optimum  perfor¬ 
mance  can  be  designed  with  a  minimum  of  cost  and  complexity.  Attention  is  focused  upon  such  factors  as 
the  atomizer  scale,  configuration,  the  nature  of  fuel  preparation  before  exposure  to  air,  etc,  for  the 
most  commonly  used  pre-filming  and  plain-jet  airblast  atomizers.  The  experimental  mean  drop  size  data 
included  in  this  paper  has  been  obtained  through  the  use  of  well-established  laser  light-scattering  tech¬ 
niques  over  a  wide  range  of  conditions.  The  general  conclusion  drawn  from  the  data  that  is  currently 
available  is  that  the  plain-jet  airblast  atomizers  featuring  multiple,  transversely  injected  liquid  jets 
into  a  swirling  airstream  yield  spray  quality *^omparable  to  Chat  achieved  by  their  pre-filming  counterparts 
especially  under  high  air  pressure  conditions.  ■* 
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LIST  OF  SYMBOLS 


SMD 

V 

F 

P 

AF.R 

ALF 

P 

0 

n 

a. 6 

Y 

t 


Sauter  Mean  Diameter,  micron  or  m 

Velocity,  m/s 

diameter,  m,  or  an  or  cm. 

Atomizer  air  pressure  drop,  percent 

Pressure,  atmosphere 
air-to-fuel  mass  ratio 
air-to-liquid  mass  ratio 
density,  kg/m^ 
surface  tension,  N/m 
absolute  viscosity,  Ns/m^ 
liquid  injection  angle 
swirler  vane  outlet  angle 
film  thickness  (liquid),  micron 
temperature, 


Subscripts 


a 

I 

0 

P 

j 


air 

liqu id 

orifice  (injection) 
pre-f ilmer 
jet  (liquid) 


INTRODUCTION 


The  quality  of  fuel  preparation  is  now  generally  acknowledged  to  be  of  considerable  importance  in  many 
key  aspects  of  gas  turbine  combustor  performance  -  notably  for  its  influence  upon  such  characteristics  as 
ignition  (sea  level/altitude  relight),  efficiency  and  stability,  temperature  traverse  quality,  levels  of 
smoke  and  other  pollutants,  levels  of  flame  radiation  and  the  inter-related  issue  of  liner  durability. 
Possible  degradation  in  the  quality  of  the  gas  turbine  fuels  is  going  to  require  a  greater  degree  of  fuel 
f lexibility/fflulti-fuel  capability  from  the  combustors/fuel  injectors  of  the  future.  Furthermore,  the 
continuing  trend  towards  gas  turbines  of  higher  compression  ratio  requires  satisfactory  fuel  preparation 
over  a  far  wider  range  of  air  pressures/temperatures  as  well  as  fuel  flows  than  at  present.  In  addition, 
there  has  been,  for  some  time  now,  pressure  to  restrict  the  emission  of  gas  turbine  generated  exhaust 
pollutants,  and  it  seems  unlikely  that  this  pressure  will  be  significantly  relaxed  in  the  near  future. 

The  attainment  of  effective  fuel  preparation  has  assumed  added  importance  in  order  to  achieve  satisfactory 
combustion-pollution  performance.  In  the  light  of  this,  the  detailed  performance  characteristics  of  a 
variety  of  gas  turbine  fuel  injection  systems  have  been  investigated  over  the  years.  The  quality  of 
atomization,  as  indicated  by  the  sizes  of  the  drops  produced  by  a  given  injector  following  the  fuel  dis¬ 
integration,  has  been  the  main  feature  under  examination  in  most  of  these  investigations  in  order  fo 
relate  it  to  the  injector  design/operating  conditions  as  well  as  fuel  properties. 

The  superior  combustion-pollution  performance  of  the  airblast  atomizer  relative  to  the  conventional 
pressure  atomizer  is  now  well  established  (Ref.l)  and  this  has  led  to  its  widespread  adoption  in  the 
modern,  high-pressure  ratio  gas  turbine.  The  airblast  atomizer  spray  is  finer  in  character  due  to  the 
intimate  mixing  of  fuel  and  air  achieved  as  an  integral  part  of  the  atomization  process.  This  yields  a 
flame  of  low  luminosity  and  soot,  thus  resulting  in  relatively  cooler  liner  wells  and  a  minimum  of 
exhaust  smoke.  Furthermore,  the  placement  of  the  fuel  droplets  in  the  burning  zone  is  dictated  mainly 
by  the  airflow  pattern  -  being  almost  insensitive  to  the  fuel  flow  variations.  Consequently,  airblast 
atomizers  offer  an  important  practical  advantage  from  the  viewpoint  of  nozzle  guide  vane/turbine  blade 


life  development  in  that  the  outlet  temperature  profile  of  the  combustor  efflux  gases  is  sensibly  constant 
under  all  operating  conditions  and  consequently  may  be  predicted  satisfactorily  from  experiments  conducted 
at  convenient  operating  conditions,  such  as  lower  levels  of  combustor  pressure. 

From  amongst  the  many  diverse  geometrical  configurations  investigated  by  the  different  researchers 
over  the  years,  two  specific  types  of  airblast  atomizers  appear  to  stand  out  clearly  -  namely  the  pre¬ 
filming  and  the  plain-jet  types.  This  is  due  to  the  extensive  research  that  they  have  been  subjected  to, 
thus  reflecting  the  interest  in  them  from  the  gas  turbine  applications  viewpoint.  In  coomon  with  all 
other  forms  of  airblast  atomizers,  they  utilise  high  velocity  air  for  the  purposes  of  disintegrating  a 
relatively  slow  moving  liquid  stream.  There  are  two  main  differences  between  the  pre-filming  and  the 
plain-jet  airblast  atomizers.  The  first  one  relates  to  the  extent  of  fuel  preparation  prior  to  its 
exposure  to  the  shearing  action  of  high  velocity  air,  while  the  second  one  relates  to  the  air  flow  passage 
arrangement/configuration  and  the  intimacy  of  the  resulting  fuel  and  air  contact.  In  the  pre-filming 
arrangement,  researched  extensively  by  Lefebvre  and  his  co-ijorkers  (2,3),  the  fuel  is  first  spread  into  a 
thin,  continuous  annular  sheet  on  a  surface  known  as  the  pre-filming  surface  before  exposure  to  two  high 
velocity  airstreams.  Intimate  fuel  and  air  contact  is  achieved  by  arranging  for  the  two  airflows  to 
’sandwich'  the  thin  fuel  sheet.  In  the  plain-jet  arrangement,  however,  the  fuel  is  not  pre-filmed  into 
a  thin  sheet  but  instead  discharged  in  the  form  of  one  or  more,  discrete,  circular  jets.  These  jets 
of  fuel  undergo  disintegration  in-flight  in  a  single  airstream,  usually  provided  by  a  conventional 
swirler  (4).  The  intimacy  of  fuel  and  air  contact  achieved  in  this  arrangement  is  related  to  the  swirler/ 
fuel  orifice  variables. 

The  purpose  of  this  paper  is  to  outline  the  present  state  of  knowledge  with  regard  to  the  fundamental 
design  aspects  of  airblast  atomization,  as  applied  to  gas  turbines,  by  bringing  together  the  findings  of 
numerous  research  studies,  especially  those  conducted  during  the  last  decade  or  so.  The  primary  motivation 
for  this  is  the  need  for  a  thorough  understanding  of  the  mechanics  of  airblast  atomization  so  that 
atomizers  of  optimum  performance  can  be  designed  with  a  minimum  of  cost  and  complexity.  Clearly,  in  a 
situation  of  this  kind  where  results  have  been  brought  together  from  a  variety  of  diverse  sources,  there 
is  the  possibility  of  differences  arising  with  regard  to  the  actual  details,  for  example  the  use  of 
different  drop  size  measuring  techniques,  the  adoption  of  different  mean  drop  size  definitions,  etc. 

Since  this  paper  is  addressing  the  design  aspects  of  airblast  atomizers,  special  care  has  been  taken  to 
ensure  that  the  comparisons  utilised  herein  are  meaningful  and  valid. 

ATOMIZER  DETAILS 

The  conceptual  details  of  the  various  airblast  atomizers  included  in  this  study  are  illustrated  in 
Figure  1,  The  evolution  of  the  pre-filming  type  is  covered  by  configurations  of  Figure  1(a)  through  to 
1(e)  with  conf iguration  1(f)  being  a  specially  designed,  two-dimensional  flat  sheet,  research  atomizer 
of  the  same  family.  The  different  plain-jet  configurations  that  have  been  investigated  are  depicted  in 
Figure  Kg)  through  to  1(0- 

Configurations  1(a)  and  1(b)  show  two  of  the  early  designs  of  pre-filming  types  of  atomizers.  In  con¬ 
figuration  1(a),  due  to  Bennet  (5),£nel  was  given  a  swirl  and  made  to  flow  over  the  face  and  edge  of  a  disc 
located  in  a  high  velocity  airstream.  The  resulting  spray  quality,  assessed  through  the  coated  slide 
technique,  was  poor  due  to  the  problems  of  wall-wetting  and  non-uniform  liquid  film  distribution.  Of  the 
four  different  configurations  examined  by  Lefebvre  and  Miller  (6),  the  one  shown  in  Figure  1(b)  was  found 
to  be  the  best.  A  swirl  chamber,  connected  to  the  fuel  feed  tube  through  four  radial  spokes,  was  used 
for  the  purposes  of  pre-filming  Che  fuel.  The  swirl  chamber  featured  a  shroud  to  enable  the  liquid  sheet 
to  develop  without  interference  from  the  airflow.  The  problems  of  wall-wetting  that  had  been  experienced 
with  the  earlier  designs  had  been  eliminated  by  keeping  the  droplets  airborne  through  Che  deployment  of 
air  on  both  sides  of  the  fuel  film.  This  ’sandwiching*  of  the  fuel  film  was  also  conducive  to  the 
attainment  of  intimate  physical  contact  between  the  fuel  and  airstreams,  the  importance  of  which  from 
atomization  performance  viewpoint  had  previously  been  highlighted  by  Gretzinger  and  Marshall  (7). 

Lefebvre  and  Miller  also  recognised  Che  importance  of  minimising  the  liquid  film  thickness  as  well  as 
that  of  exposing  the  liquid  film  to  the  shearing  action  of  air  on  both  sides  at  the  point  of  maximum 
air  velocity. 

The  configuration  of  Figure  1(c),  featuring  a  diverging  pre-filming  arrangement  culminating  in  a  sharp 
lip  combined  with  the  somewhat  more  aerodynamical ly  streamlined  air  passages  (inner  as  well  as  outer),  was 
found  to  yield  the  best  atomization  performance  from  amongst  the  various  different  designs  studied  in 
Reference  8.  The  sharp-lipped,  diverging  pre-filmer  geometry  was  found  to  be  more  successful  in  achieving 
fuel  detachment  by  centrifugal  action.  This  resulted  from  the  use  of  swirl  slots,  introduced  in  an 
attempt  to  obtain  an  even  fuel  film,  in  feeding  the  fuel  on  Co  the  pre-filming  surface. 

This  basic  sharp  edged,  diverging  pre-filmer  geometry  was  retained  in  the  configuration  of  Figure  1(d) 
(Refs. 2, 3).  The  main  difference  between  this  arrangement  and  its  predecessor  relates  to  the  shape  of  the 
air  passages  -  those  of  Figure  1(d)  being  somewhat  more  streamlined  than  of  Figure  1(c).  Another  variant 
of  this  pre-filming  atomizer  family,  shown  in  Figure  1(e),  (Ref. 9),  uses  a  parallel  pre-filming  surface 
with  a  less  sharp  lip  combined  with  the  deployment  of  a  swirler  for  the  inner  as  well  as  the  outer  air- 
screams.  A  somet^at  similar  'sandwiching'  of  Che  annular  fuel  sheet  between  two,  swirling  airstreams  is 
also  discussed  in  Reference  1.  In  the  main  Reference  I  and  9  differ  with  regard  to  the  shape  of  the  pre¬ 
filming  surface  -  a  diverging  surface  in  Reference  I  (similar  to  that  of  Figure  1(d)  }  in  contrast  to  Che 
parallel  surface  of  Reference  9. 

The  atomizer  configuration  shown  in  Figure  1(f)  is  a  flat  sheet,  two-dimensional  airblast  atomizer  that 
was  specially  designed  by  Rizk  and  Lefebvre  (Ref. 10)  in  an  attempt  to  examine  the  effect  of  initial  liquid 
film  thickness  upon  atomization  quality.  The  thickness  of  the  liquid  film  generated  by  the  pre-filming 
arrangement  is,  clearly,  one  of  the  fundamental  features  of  this  type  of  atomizer  and  consequently  one 
chat  needs  to  be  correlated  adequately  with  Che  mean  drop  size. 


N’ukiyatna  anJ  Tanasawa  (rof.ll)  conducted  the  first  major  airblast  atomization  study  using  the  plain-jet 
conf iguration  of  Figure  1(g).  In  this  arrangement  the  liquid  is  injected  in  the  form  of  a  circular  jet 
into  a  co-axial,  co-flowing,  high  velocity  airstream.  This  form  of  atomizer  has  been  the  subject  of 
several  further  studies  (Refs. 12,  13,  14),  because  of  its  very  simple  design.  Another  simple  form  of 
plain-jet  atomizer  that  has  been  examined  in  some  detail  (Refs.  11,  13,  15,  16)  comprises  the  transverse 
injection  of  a  circular,  liquid  jet  into  a  high  velocity,  axial  airstream  as  illustrated  in  Figure  1(h). 

The  effect  of  injecting  the  liquid  jet  in  a  direction  other  than  the  transverse  or  co-axial  had,  up  until 
recently,  not  been  examined.  By  comparing  the  data  from  different  atomizers,  Rizk  and  Lefchvre  (Ref. 17) 
.attempted  to  identify  qual i tatively  the  effect  of  liquid  jet  injection  angle  upon  drop  size.  However, 
Hussein  et  al  (Ref. 18)  conducted  detailed  experiments  using  the  configuration  sho*/n  in  Figure  l(i).  Tlu 
injection  angle  (2;,.)  of  the  circular  liquid  jet  was  varied  over  the  30  to  90  degree  range. 

The  plain-jet  atomizer  designs  discussed  so  far  have  comprised  the  injection  of  single/multiple  liquid 
jets  into  a  non-swirling  airstream.  The  configuration  shown  in  Figure  l(j),  comprising  several  radially- 
drilled  lioles  for  the  injection  of  liquid  in  the  form  of  discrete  jets  into  a  single  high-velocity 
swirling  airstream,  was  first  investigated  by  Jasuja  (Ref. 4).  This  type  of  atomizer,  due  to  its 
relatively  simple  nature  (requiring  only  a  swirlor  and  some  plain,  circular  holes),  has  since  been  studied 
in  some  depth  (Refs.  13,  19,  20).  The  configuration  illustrated  in  Figure  l(k)  shows  two  of  the  key 
variables  that  influence  the  design  and  performance  of  this  typo  of  atomizer  -  notably  the  swirler  geometry 
and  the  injection  orifice  orientation.  Hussein  (Ref. 20)  has  recently  examined  in  some  detail  the  effect  of 
swirler  geometry,  particularly  the  vane  type  (both  straight  and  curved)  and  its  outlet  angle  y,  upon  the 
drop  size  performance.  The  influence  of  the  liquid  orifice  orientation,  upon  drop  size  has  been 

studied  by  Shaw  (Ref. 21).  Clearly,  the  motivation  for  optimizing  the  design  of  this  type  of  atomizer  is 
the  need  to  deploy  the  available  air  in  the  most  effective  manner,  thus  achieving  the  best  possible  level 
of  atomization  performance.  In  the  arrangement  depicted  in  Figure  1(0 ,  the  liquid  is  injected  through 
several  circular  holes  on  to  the  concave  surface  of  a  splash  cone  located  downstream  ^^f  an  air  swirler. 

On  emerging  from  the  splash  cone,  the  liquid  is  picked  up  by  a  single,  high  velocity,  swirling  airstream. 
The  addition  of  a  splash  cone,  to  what  is  basically  a  configuration  similar  to  that  of  Figure  l(j),  has 
been  observed  to  yield  generally  poor  atomization  performance  (Refs.  15,22). 

L:xrERI?tF.NTAL  DETAILS 


The  pre-filming  and  the  plain-jet  airblast  atomizers  have  been  vxtof.sivt Iv  studied  unde 
wi'U  as  high  air  pressure  conditions  at  the  Cranficld  laboratories.  A  Sihomati.  .irr.ing.Tun 
pressure  test  facility  is  shown  in  Figure  2.  The  pressure  ch.araber.  insid.  whi.h  the  atotriiz 
features  windows  for  laser  beam  access  to  enable  the  measurement  of  the  spray  S'-IT).  The  lie 
obtained  largely  at  Cranfield,  was  collected  through  the  use  of  well-established  laser  1 igh 
techniques.  The  Cranfield  technique,  described  in  Reference  ,  is  .an  extension  of  that  dev 
Dobbins  et  al  (Ref. 21)  and  is  shown  schematically  in  Figure  1.  Stand.iril  1  .ibor.st  orv  proceju 
adopted  for  fuel  and  air  mass  flow  measurements.  The  test  l  iui.ls  featured  in  this  stujv  ,ir 
(',*  0.0010,  0  =  0.0735,  D  -  1000)  ,  kerosine  (n  •  0.0013,  r  =  0.027  ,  .>704).  gasoil  (•  .o.iKISl 
*  846)  and  a  55S  residual  fuel  oil  (RFO),  45%  gas  oil  (GO)  blond  (-  -o.oih  at  Ul  C  worki 
•  »  0.0331,  0  >  913) . 
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This  paper  is  devoted  to  a  consideration  of  the  effect  that  various  design  parameters  have  upon  the 
airblast  atomizer  performance  and  consequently,  the  effect  of  operating  variables  such  as  the  air  pressure/ 
temperature,  the  fuel  viscosity,  etc,  will  not  be  discussed  directly.  The  pre-fiJming  airblast  atomizer 
Is  examined  first,  in  view  of  its  more  widespread  usage,  followed  by  the  plain-jet  type. 

Since  airblast  atomization  relies  upon  the  airstream  oomentuia  for  fuel  disintegration,  the  air-tc-fuel 
(liquid)  mass  ratio  would  clearly  seem  to  be  an  important  variable  influencing  the  spray  quality. 

Deficiency  of  air  would  result  in  failure  to  overcome  the  viscous/surf ace  tension  forces  that  are  resisting 
liquid  disintegration  where  as  an  excess  of  air  may  result  in  some  of  the  air  not  actually  participating 
in  the  liquid  break  up  due  to  its  physical  remoteness.  Clearly  the  size  of  the  air  passages  (and  hence 
the  atomizer  bulk/weight)  is  related  to  the  air  mass  flow  requirement.  It  has  been  suggested  in 
Reference  3  that  to  achieve  optimum  performance  pre-filming  atomizers  should  be  designed  to  operate  with 
an  ALR  in  the  3  to  5  range.  Figure  4,  taken  from  Reference  24,  shows  the  effect  of  atomizer  AFR  upon  SMD 
for  a  range  of  ambient  air  pressures  when  using  the  pre-filming  configuration  of  Figure  1(c).  It  is  clear 
from  this  figure  that  the  atomizer  AFR  effect  is  relatively  weak  for  air  pressures  exceeding  3  atmospheres 
and  atomizers  designed  with  an  AFR  of  2  will  give  almost  as  good  a  drop  size  performance  as  atomizers 
designed  with  an  AFR  of  3.  Over-sized  atomizers  are  clearly  undesirable  from  air  requirement  , space , 
weight  and  cost  considerations. 

Engineers  are  continually  faced  with  the  demand  to  design  gas  turbine  combustors  that  will  operate 
effectively  with  a  minimum  of  air  pressure  drop.  This  in  turn  requires  careful  attention  to  the  detailed 
aerodynamics  of  the  atomizer  air  flow  passages  in  order  to  minimise  pressure  losses  and  hence  obtain  the 
best  possible  level  of  atomization  quality.  Figure  5  shows  the  influence  that  atomizer  air  pressure  drop 
has  upon  the  spray  quality  of  the  pre-filming  configuration  of  Figure  1(a).  Clearly,  the  higher  the  avail¬ 
able  air  pressure  drop,  the  superior  the  atomization  performance  although  the  degree  of  this  superiority 
can  be  seen  to  diminish  somewhat  at  higher  ambient  air  pressures.  The  design  philosophy  behind  the 
configurations  (c)  and  (d)  of  Figure  1  has  been  to  utilise,  as  much  of  the  available  air  pressure  drop  as 
is  practicable  in  obtaining  the  highest  possible  air  velocity  in  the  plane  of  the  pre-filmer  lip.  An 
alternative  approach  (Ref. 9)  makes  use  of  swirlers,  see  configuration  of  Figure  1(e),  in  the  inner  as  well 
as  the  outer  air  flow  passages.  The  use  of  swirlers  is  clearly  going  to  impose  additional  air  pressure 
drop,  but  to  what  extent  this  is  effectively  countered  through  greater  intimacy  of  fuel  and  air  contact 
and,  therefore,  better  momentum  interchange  is  not  evident  from  the  currently  available  drop  size  data 
on  the  pre-filming  atomizer. 


The  physical  scale  of  the  pre-f ilmer/atoraizer  is  clearly  another  key  design  parameter  influencing  the 
atomizer  performance  through  its  effect  upon  the  thickness  of  the  annular  liquid  sheet  generated  at  the 
pre-filming  surface.  Using  the  basic  configuration  of  Figure  1(d),  El-Shanawany  and  Lefebvre  (Ref. 3) 


i  :-4 

examined  the  effect  of  atomizer  scale  upon  mean  drop  size  by  conducting  tests  on  three  geometrically  similar 
injectors  with  cross-sectional  areas  in  the  ratio  of  1:4:16.  The  results  obtained  by  them,  see  Figure  b, 
indicate  that  a  simultaneous  increase  in  the  atomizer  overall  characteristic  size  as  well  as  the  pre-filner 
lip  diameter  J.  has  an  adverse  influence  upon  the  spray  quality  in  accordance  with  the  relationship 
SMD  The  influence  upon  drop  size  of  a  change  in  the  pre-filmer  lip  diameter  alone  for  a  given 

overall  characteristic  size  of  atomizer  is  something  which  does  not  appear  to  have  been  examined  so  far. 

Intu i ti\'el y,  the  bigger  pre-filmer  lip  diameter  should  yield  a  thinner  liquid  annular  sheet  with  a  possible 
improvement  in  atomization  performance. 

Despite  the  extensive  research  on  the  pre-filming  airblast  atomizer  over  the  last  two  decades,  verv 
little  is  known  as  regards  the  thickness/evenness  of  the  annular  liquid  sheet  generated  _>y  the  pre-filming 
device.  This  is  largely  due  to  the  difficulties  associated  with  the  measurement  of  very  thin  liquid  sheets 
in  a  complex  geometry.  The  importance  of  liquid  sheet  thickness  has  been  recognised  for  some  time  now  and 
this  prompted  Rizk  and  Lefebvre  (Ref. 10)  to  carry  out  experiments  in  an  attempt  to  correlate  it  with  the 
spray  moan  drop  size.  They  used  an  atomizer  specially  designed  to  deliver  two-dimensional,  flat,  liquid 
sheets  through  a  discharge  slot  of  known  width  (see  Figure  1(f)).  The  results  obtained  by  them,  sliown  in 
Figure  7,  confirmed  that  thin  liquid  sheets  yield  lower  spray  mean  drop  sizes  in  accordance  with  th.t 
relationship  SMD  ®  r‘-  where  *;  takes  the  values  of  0.4  and  0.55  for  low  and  high  viscosity  liquids  rei;- 
pec  t ive 1 y . 

The  main  difference  between  the  plain-jet  configurations  (g) ,  (h)  and  (i)  of  Figure  I  is  that  relating 
to  the  angular  orientation  of  the  fuel  injection  orifice.  This  in  turn  is  likely  to  influence  the  jet 
trajectory  and  its  interaction  with  the  surrounding  air.  Figure  8  provides  a  quantitative  insight  into 
the  effect  of  liquid  jet  injection  angle  -  (see  Figure  l(i))upon  mean  drop  size  for  a  range  of  airstream 
velocities.  As  can  be  seen  clearly  from  this  figure  the  transverse  injection  case  (i.e..-  -  =  90^**)  resul  t  s 
in  the  smallest  mean  drop  size.  In  Reference  18,  was  varied  in  the  30  to  90  degree  range  out  since 
the  trend  is  well-established  it  can  bo  confidently  extrapolated  to  cover  the  =  0  case  (i.e.  the 

co-axial,  co-flowing  case).  The  marked  superiority  of  the  transverse  liquid  injection,  relative  to  the 
co-axial,  co-flowing  case  was  observed  by  Ingebo  (Ref. 13)  too,  and  is  considered  to  be  a  reflection  of  the 
more  intense  air-to-fuel  physical  contact.  This  is  borne  out  by  the  results  of  Figure  9  wherein  t!je 
penetration/spatial  spread  characteristics  of  the  liquid  jet  are  plotted  against  the  injection  angle  for 
a  range  of  airstream  velocities.  In  the  co-axial,  co-flowing  case  (.v'^  *  0)  the  liquid  jet  and  tlie  air- 
stream  are  moving  parallel  to  each  other  and  consequently  the  disintegrating  liquid  jet  is  likely  to  be 
in  contact  with  the  same  air  streamlines  all  the  time  -  streamlines  that  are  progressively  being  depleted 
of  energy.  The  injection  of  liquid  tr.ansversc  to  the  air  flow  (i.e.  »  90“)  gives  maximum  jet  pene¬ 

tration  and  consequently  .illows  a  greater  degree  of  air  entrainment  which  in  turn  yields  a  more  intimate 
fuel-to-.iir  interactii'n.  It  should  be  pointed  out  here  that  the  results  shown  in  Figures  9  and  9  relate  to 
the  behaviour  of  a  single  jet  in  a  sq\iare  duct  (Ref. 18)  supplied  with  a  non-swirling  airstream 
(i.e.  conf igurat i on  of  Figure  l(i)). 

The  effect  of  liquid  injection  angle  for  a  complete  atomizer  of  the  type  shown  in  Figure  Hk)  has 
rc'ctuitlv  been  rcpiU' t cJ  in  Ih*? and  -j  tyjM.nl  stT  ul  resvjits  is  shown  «n  Figure  10.  These  results 
indicate  that  the  transverse  injection  of  liquid  (i.e.  )  from  an  array  of 

orif ick s  would  result  in  superior  spray  quality  relative  to  the  co-axial,  co-floving  case  (i.e.  x  -  =  RO) 
even  in  a  swirling  airstream.  Also  investigated  in  this  study  was  the  effect  of  injecting  liquid  in  an 
upstre.ani  direction  (i.e.  ■  •15'*  and  -  30^^)  .  It  seems  that  the  atomization  performance  can  bo 

improved  further,  especially  at  low  airstream  velocities,  by  utilising  the  upstream  injection  configu- 
rat ion. 

Many  plain-jet  atomization  research  studios  have  used  the  size  of  the  fuel  injection  orifice  as  the 
ciiaracteristic  dimension  for  the  purposes  of  developing  mean  drop  size  correlations.  Figure  11  illus¬ 
trates  the  adverse  influence  that  an  increase  in  injection  orifice  size  has  upon  the  spray  quality  for  a 
high-viscosity  liquid.  Although  not  reported  here,  a  somewhat  similar  trend  has  1  en  established  for 
low-viscosity  liquids  as  well  (Ref. 16).  The  available  evidence  seems  to  suggest  that  SMD  “  v’ere  an 
average  value  of  *i  is  about  0.5.  An  additional  factor  whose  influence  is  inter-related  to  the  of 

the  liquid  orifice,  is  the  velocity  at  which  the  liquid  is  injected  into  the  airstream  -  smaller  i 
size  requiring  higher  injection  velocity  and  viceversa.  It  is  well  known  that  airblast  systems  opc. 
with  low  fuel  pressures/velocities  and  an  examination  of  Figure  12  shows  that  the  liquid  injection 
velocity  has  very  little  effect  upon  the  resulting  mean  drop  size. 

A  k' y  component  of  the  atomizer  configurations  (j),  (k)  and  (O  illustrated  in  Figure  1  is  the  air 
swirler.  Although  the  swirlers  have  been  in  use  for  some  time  now,  their  usefulness  in  promoting  more 
effective  atomization  quality  has  not  been  thoroughly  investigated.  Indeed  it  has  been  suggested  that 
their  use  may  in  fact  be  detrimental  to  the  attainment  of  good  atomization  performance.  Ingebo  (Ref. 13) 
carried  out  a  series  of  experiments  using  a  70®  blade-angle  air  swirler  and  his  results  for  Che  co-axial, 
co-flowing  and  the  transverse  liquid  injection  cases  arc  shown  in  Figures  13  and  14  respectively.  They 
clearly  show  that  the  use  of  an  air  swirler  results  in  a  marked  improvement  in  the  spray  quality  for  both 
the  configurations.  Further  experimental  evidence  regarding  the  influence  of  swirler  geometry  upon  drop 
size  has  been  recently  obtained  at  Cranfield  (Ref. 20)  as  a  part  of  an  on-going  research  programme  in 
plain-jet  airblast  atomization.  The  main  swirler  geometry  variables  that  have  been  studied  relate  to  the 
vane  s.iape  (straight  or  curved)  and  the  vane  outlet  angle  y  (see  Figure  l(k)).  Figure  15  shows  a 
typical  velocity  profile  at  the  outlet  of  a  45®  curved-vane  air  swirler  obtained  with  a  standard  cobra 
probe.  Information  of  this  kind  is  useful  when  attempting  to  optimize  the  atomizer  geometry  because  it 
enables  the  liquid  injection  orifice  to  be  oriented  in  a  mannor  that  encourages  maximum  physical  contact 
bei«?een  the  liquid  and  air.  Figure  16  illustrates  the  effect  upon  spray  quality  of  an  air  swirler  and  its 
geometry  for  a  transversely  injected  liquid  jet.  The  mean  drop  size  values  are  plotted  against  the 
experimentally  measured  axial  velocities  at  the  exit  of  four  different  air  swirler  conf igurations  -  namely 
the  curved  vane  type  with  30,  45  and  60^  outlet  angle  and  a  30®  flat  vane  type.  Also  included  is  the 
non-swirling  air  configuration  for  the  purposes  of  comparison.  The  use  of  air  swirlers  is  clearly 
improving  the  spray  quality  -  curved  vane  swirlers  facilitating  a  greater  degree  of  improvement  relative 
to  their  flat  vane  counterpart.  Furthermore,  the  60®  outlet  angle  curved  vane  configuration  is  yielding 
the  best  atomization  performance.  What  is  not  evident  from  this  figure  is  the  level  of  air  pressure 
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is  tiu  i.v;uurviint  -wuhii:  » hi'  use  .1  swirlor  for  jtonizalion  purposes  l-,as  got  to  'b..  .1.  1  p  t  .ib  i .  . 

F’.irliii'i-  .•x.un  i  na  t,  i ab  thf  .iata  reveals  tJuit  to  achieve  a  gicen  swirU-r  exit  axiai  ve  loe  i  t  v ,  the  ai.-bir 
the  curveu  '.Jtie  outifl  angle  thi-  higher  the  air  prcssvire  drop  requirenent .  In  other  ver-is  t  hi'  ^0 
■  wuie  swirler,  whilst  providing  the  best  spray  quality  also,  introduces  tiu-  hi-giu-st  air  {>r-.  ssuri 

dr.'p.  It  3s  also  evident  iron  the  data  that  curved  vanes  introduce  less  pressure  .?rop  rdarive  tc  tJu 
•lat  oHi-s.  li  is  clear  iron  the  loregoine  discussion  chat  altliough  the  use  of  a  swirler  is  f  ac  i  1  i  i  a  i  i • 
an  iinprover^ient  Ln  the  spray  quality,  through  a  more  intimate  fuel  and  air  physical  eontact,  its  geomi  t  r-, 
lueds  to  be  cireivilly  controllevl  to  ensure  its  acceptability  from  the  air  pressure  dro;.-  -  i-wpoint. 

It  is  perhaps  wortii  pointing  out  hero  that  Che  general  trends  as  regards  the  effect  of  atoc'.i  ?.er  air 
pressure  drop  (and  atomizer  WK)  upon  drop  size  are  similar  for  the  plain-jet  and  the  pre-t  i  Im  i  ng  tvpe'- 
01  airblast  atomizer. 

C.oi!iparat  We  Poriormance  of  tiic*  Two  Types  of  Airblast  Atomizers 

It  is  possible  to  provide  a  comporativty  assessment  of  the  pre-filming  and  the  plain-jet  airblast  atomi¬ 
zers  by  bringing  together  the  results  of  some  comparable  studies.  Such  a  comparison  is  clearly  of 
interest  and  value  to  the  combustion  engineer  involved  in  atomizer  design  and  performance  but  must  bv 
carrii-vi  out  carefully  if  variations  specific  to  particular  tests  and  techniques  are  not  to  inspire  mis- 
1  eaJ  i  ng  i-onc  iusi  ons . 

Hgure  17  facilitates  a  comparison  under  atmospheric  pressure  conditions  be tw^oen  the  co-axial,  co¬ 
flowing  plain-jet  configuration  (of  Figure  1(g)  investigated  by  Lorenzetto  and  Lefebvre  (Ref.l-l  and  thi 
pre-filming  configuration  (of  Figure  1(d))  studied  by  Rizkalla  and  Lefebvre  (Ref. 2).  On  the  basis  of  t'lis 
evidence  the  complex  atomizer  configuration  of  Figure  1(d)  is  signif icantly  better  than  the  simple  config¬ 
uration  of  Figure  1(g).  A  comparison  under  widely  varying  ambient  air  pressures  and  fuel  viscosities  for 
the  pre-filming  configuration  of  Figure  1(c)  and  the  plain-jet  configuration  of  Figure  llj)  was  provided 
by  Jasuja  (Ref. 19).  An  examination  of  Figures  18,  19  and  20  reveals  that,  under  nominally  comparable 
operating  conditions,  there  is  not  a  great  deal  of  difference  between  the  mean  drop  size  performance  of 
these  two  atomizer  conf iguracions,  especially  at  higher  air  pressures  for  the  low-viscosity  kerosine/ 
ga.s  oil  type  of  spray  medium.  A  limited  amount  of  comparative  drop  size  data  on  atomizer  conf igurat ions 
Ud)  and  l(j)  is  contained  in  References  17  and  25.  The  general  conclusion  that  can  be  draw-n  from  this 
IS  that  the  plain-jet  configuration  X(j)  gives  spray  quality  that  is  comparable  to  that  achieved  from  tiie 
pre-filming  configuration  1  (c/d).  The  comparisons  drawn  from  the  work  of  Lorenzetto  and  Lefebvre  and  cn.it 
of  Jasuja  are  consistent  in  as  much  as  the  transverse  injection  of  liquid  in  a  swirling  airstream  will  be 
significantly  better  than  the  co-axial, co-flowing  liquid  injection  in  a  non-swirling  airstream. 

CONCLUSIONS 


The  two  main  conclusions  to  be  drawn  from  the  evidence  that  is  currently  available  arc  as  follows: 

1.  Despite  the  extensive  research  on  both  the  pre-filming  and  the  plain-jet  atomizers,  tliere  still 
remain  major  design  features  chat  are  worthy  of  further  study.  In  particular  the  prc-filming 
device  and  the.  air  swirler  need  to  be  examined  in  detail  to  optimize  their  geometry. 

2.  The  drop  size  performance  of  the  rcl.itively  simple  plain-jet  airblast  atomizer  feat  >ir  inji  multi:,'  . 
transversely  injected  liquid  jets  into  a  swirling  airstream  is  corapar.able  to  tliai  ''t‘  its  mv  re 
widely  used  pre-filming  counterpart  especially  when  operating  on  low  viscosity  kerosin,  cas  'il 
type  of  media  under  high  air  pressure. 
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DISCUSSION 


E.Mularz,  US 

With  respect  to  Figure  1 5,  indeed  the  air  flow  through  the  swirler  is  important  in  determining  the  fuel  spray  quality 
of  the  fuel  injector.  However,  your  measurement  of  the  axial  component  of  air  velocity  is  not  sufficient,  since 
there  is  a  substantial  component  of  circumferential  velocity  as  well.  1  recommend  that  further  measurements  be 
made,  more  completely  mapping  this  airflow  through  the  swirler. 

Author’s  Reply 

The  author  agrees  with  Dr  Mularz  as  regards  the  importance  of  more  detailed  mapping  of  the  velocity  flow-field  at 
the  exit  of  the  air  swirler.  Indeed  the  first  conclusion  emphasizes  the  need  for  further  work  on  the  air  swirler. 
Figures  1 5  and  1 6  were  included  in  the  paper  to  highlight,  from  the  atomization  performance  viewpoint,  the 
importance  of  air  swirler  vane  geometry  as  well  as  the  detailed  understanding  of  the  swirler  velocity  flow-field  as 
typified  by  the  axial  velocity  measurements.  It  was  neither  implied  nor  suggested  that  the  axial  velocity  component 
was  the  only  one  that  mattered.  Indeed  there  is  a  substantial  swirl  component,  the  value  of  which  depends  upon 
the  vane  outlet  angle.  For  example,  the  swirl  component  is  approximately  80  percent  of  the  axial  component  for 
the  45°  curved  vane  swirler  case  of  Figure  1 5.  Figure  1 6  could  be  replotted  using  the  swirl  velocity  component  as 
the  basis,  but  the  basic  conclusions  would  remain  unchanged. 
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In  evaluating  fuel  nozzle  performance,  the  droplet  size  distribution  -  fre;uentiy 
characterized  by  the  Sauter  mean  diameter  -  is  found  to  be  one  of  tjie  dominant  i-di'ame  tors  . 
I'sing  examples  from  ongoing  experimental  studies  with  pressurized  and  airMast  atomizer:;, 
attention  is  directed  towards  the  importance  of  flow  parameters  and  size  distribution 
a^ plying  non- intrusive  optical  techniques. 

1:.  particular,  an  optical  diffraction-type  particle  sizer  has  been  use!  in  unalvziny 
fiel  sp'rays  from  airblast  and  pressure  atomizers.  It  is  shown  that  the  Sauter  mean  dicirr.ete 
alone  is  gerieraiiy  not  suited  for  describing  the  nozzle  performance.  Emphasis  is  zircwt'^d 
towards  the  i.-jfluence  of  the  flow  field  on  the  apparent  droplet  size  disti'ibutio:'.  extlain- 
ing  a  variety  of  observations  reported  in  other  studies. 
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INTRODUCTION 

The  droplet  size  distribution  within  a  fuel-air  mixture  is  one  of  the  dominant  para¬ 
meters  In  determing  the  vaporization  rate,  ienition  and  the  combustion  including  the 
pollutant  formation.  Dickinson  and  Marshall  Jl]  report,  for  example,  on  the  influence  of 
the  width  of  the  droplet  size  distribution  on  the  evaporation  rate  with  the  result,  that 
wider  distributions  will  yield  higher  rates  than  narrower  ones  with  identical  mean  dia¬ 
meter. 

In  developing  a  new  fuel  nozzle  it,  therefore,  is  necessary  to  obtain  fairly  complete 
information  on  the  dependency  of  the  droplet  size  distribution  on  the  determining  para¬ 
meters  such  as  fuel  flow  rates,  geometry  and  ambient  pressures  and,  in  particular  for 
airblast  nozzles,  on  the  air-flow  parameters.  Up  to  now,  a  large  number  of  parametric 
studies  is  required.  Presently,  we  are  concerned  with  the  study  of  various  fundamental 
effects  such  as  film  characteristics  |2|  concerning  airblast  as  well  as  pressure  atomizers. 

As  primarily  optical  diagnostic  techniques  are  employed,  high  accuracy  of  the  data  and 
proper  interpretation  is  a  necessity.  This  has  been  emphasized  by  us  at  several  occasions. 
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iin  tno  secon  1  method,  as  for  our  applications  the  so-caileJ  Malverri  Particle- 
ail.,ws  generally  lor  measure.'nents  of  broader-  distributions .  The  typical  ex- 
i  ^  is  shown  ii;  figure  1. 


OROPLET-  POCUSSING* 


Fig.  1:  Schematic  of  Malvern  Particle-Sizer 

The  Laser  beam  has  been  expanded  Co  1  mm  diameter  at  a  wave-length  X  of  532,8  nn .  As 
the  droplet  diameter  d^  is  considerably  larger  than  X,  no  dependency  of  Che  refractive  in¬ 
dex  is  to  be  considered  and  the  scattered  light  intensity  is  a  function  of  d_/X  and  the 
diffractive  angle  6.  A  Fourier  transform  lens  collects  the  scattered  light,  vihich  is 
focused  on  the  detector. 

The  light  distribution  recorded  is  compared  with  a  theoretical  light  intensity  dis¬ 
tribution  calculated  for  a  specificly  mojoi-droplet  siZ':.  distribution  such  as  ’’Rosin- 
Rammler*’-  or-  " Log-Nornal"-distribut ion .  Additionally,  a  ’’Model  Independent”  is  available 
where  IS  size  classes  are  considered  independently.  For  test  and  calibration  purposes  the 
results  obtained  with  the  Malvern  Particle-Sizer  were  compared  with  those  from  various 
other  Counters  such  as  the  Coulter-Counter,  sedimentation  technique  \a\  and  photographic 
analysis  using  glass  beads.  Generally,  the  agreement  was  fairly  good  within  10  % ,  with  the 
Malvern  Particle-Sizer  yielding  slightly  larger  particle-sizes.  In  addition  to  the  non- 
intrusive  character  of  the  analyzer,  a  major  advantage  is  his  short  response  time  -  condi¬ 
tions  which  allow  for  wide  variations  of  the  parameters  determining  the  droplet  size  dis¬ 
tribution  in  airbidst  as  well  as  in  pressure  atomizers.  The  total  measurenient  t  imos ,  though , 
are  determined  by  the  capacity  of  the  microcomputer,  a  prvoblem  which  can  easily  pe  solved  bv 
using  a  minicomputer. 

CHARACTERISTICS  OF  THE  DKOPLET-SIZE  DISTRIBUTI 0:J 

Frequently,  the  Sauter  mean  diameter  (SMD)  is  applied  in  characterizing  droplet-size 
distributions.  The  well-known  definition  of  the  SMD  respreseats  the  diameter  of  a  sphere 
with  an  identical  ratio  of  volume  to  surface  area  as  the  sum  of  all  droplets.  It,  thez-'e- 
fore,  reflects  the  specific  surface  area  and  has  been  frequently  used  in  describing  the 
evaporation  rates.  However,  as  mentioned  earlier,  Dickinson  and  Marshall  llj  observed  that 
in  addition  of  the  SMD  the  width  of  the  distribution  is  another  important  influence  para¬ 
meter  . 

Furthermore,  in  correlating  fuel  nozzle  sprays,  Simmons  }9l  states  that  in  technical 
atomizers  the  ratio  of  the  mean  volumetric  diameter  end  the  SMD  is  constant  and  is 

approximately  1.2.  As  we  observed  considerable  deviations,  a  brief  theoretical  study  was 
used  to  clarify  the  discrepancy.  Using  the  Ros in-Rammler  (RR)  d  is tr' but  ion ,  Figure  2 
illustrates  that  the  ratio  D^q/SMO  is  strongly  dependent  on  the  width  of  the  distribution. 
Specifically,  this  is  important  in  technical  applications  where  according  to  our  experience 
the  exponent  N  varies  from  N  =  1.2  to  3.  In  comparing  two  different  types  of  atomi'.ers 
Figure  3  indicates  that  with  an  identical  D^q  the  SMD  is  much  smaller  for  broader  droplet 
distributions.  This  is  of  primary  importancB^in  comparing  pressure  and  airblast  atomizers 
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Figure  6  supports  these  statements,  iiere ,  assuming  constant  air  velocities,  a 
Irag  coefficients  for  spherical  particles  have  been  used  with  the  Rcvnsl is- numbv: 
•lorninant  influence  parameter  in  solving  the  momentum  ecuation  for  single  dropletLi. 
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II.  correspoiidi  i  nr,  to  conditions  tound  i  ii  airblast  atomizers  -  i.e.  sm.ill  film  veloc 
and  high  air'  speeds  -  Figure  S  indicates  Chat  droplets  will  decelerate  with! 
Crerrieiy  sin^rt  distance  from  the  nuzzle  whereas  larger  particles  will  need  in  exces 
hundre  1  mm  to  reach  ambient  air  velocities.  With  reference  to  a  standard  dropl<ct-s 
1  )u  urn  diameter,  Figure  6  shows  ttie  relative  veiocity  devititions  defined  as  velcci 
coe  f  f  i  i  e,.  ts  .  The  reference  diameter  seems  to  be  appropriate  as  it  ic-  .a  tyricdl  dr 
size  in  v-.ii'ious  appi  icat  ioris ,  It  can  be  concluded  tfjat  along  tl'i^'  spray’s  axis  sir.aa 
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rig.  8:  Calculated  Air  Flow  Field  behind  a  Model 
Airblast  Atomize'"  (Channel  Height  1,5  mm) 

i'lie  inner  recirculation  zone  ends  approximately  52  rrim  from  the  nozzle's  lip  with 
:itrong  radial  comporients  between  x  ^  35  and  x  =  52  mm.  The  small  droplets,  therefoi'e, 
following  t'no  flow  will  have  fairly  large  residence  times  in  this  zone  leading  to  an  over- 
representation  of  small  particles  whenever  a  Malvern  type  analyzer  is  used  in  this  zone, 
ihese  conclusions  are  supported  by  our  measuremer.ts  as  shown  in  Figure  3. 

F'-esponsible  for  the  minima  of  the  diameter  Is  ttio  flow  field  and  not  physical  pro- 
cesses  during  atomisation.  In  our  opinion,  therefore,  explanations  for  the  occurence  of 
the  minima  rucri  as  late  droplet  formation  and,  possibly,  droplet  coalescence  (see  El- 
Chcanawany  on:  Lefebvre  ill')  cannot  be  supported.  Furthermore,  effects  due  to  geo.metry 
and,  unde?'  cert-iin  conditions,  air-liquid  ratio  miust  be  carefully  analysed  with  respect 
of  variat  n  •  of  the  flow  field.  Unfortunately,  gepieral izat ions  are  extremely  difficult 
to  obtain  .o  'o  transfer. 

In  aadition  to  the  study  of  airblast  atomizers,  interest  arises  whether  pressure 
atomizers  follow  the  above-mentioned  charcteristics .  Figure  10  represents  typical  measure 
merits  obtained  using  the  Malvern  Particle-Sizer.  It  is  quite  interesting  to  note  that 
igain  a  minimum  mean-droplet  diameter  is  found  in  the  near  field  of  the  nozzle.  However, 
the  phyiscal  phenomena  actually  are  reversed  from  the  previous  observations.  Here,  due  to 
their  high  velocity,  the  larger  droplets  are  underrepresented  in  the  near  field  of  the 
nozzle  as  their  deceleration  is  considerably  smaller  than  for  the  smaller  droplets.  This 
is  siipporteJ  by  the  calculations  shown  in  Figure  11.  In  comparing  the  velocity  ^oefficien 
of  Figure  6  and  11,  the  different  character  of  the  droplet  flow  is  evident. 
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rig..  9:  Apparent  Droplet  Size  Distribution: 
Model  Airblast  Ato.’nizer 
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rig.  ii:  Fre33-<re  Atoniizer:  Velocity-Coefficients 

.OCCLUSIONS 

In  ovdiudtirig  fuel  .-itor.izoi'i ,  cdi'e  should  be  directed  in  defining  the  charac¬ 

teristic  F'drameters  au  well  is  t:.v  •..*  ••erimental  conditions.  The  Sauter  mean  diameter  is 
not  sufficient  in  iesor-ibing  me  The  droplet  distribution  should  be  defined  at 

least  by  three  indeper.dent  mon.onm.  F'.-r  simplicity,  three  characteristic  diameters  seem 
to  be  appropriate.  This  has  bee:,  .iemo.n t  ru  ted  by  a  large  variety  of  measurements  with 
atomizers  of  differing  design  using  an  optical  di f f racticn- type  analyzer.  Furthermore, 
it  should  be  recognized  that  in  describing  atomizer  performance  the  utilization  of  various 
particle  analyzers  as  well  as  the  pns ; t ioning  of  the  probe  volume  requires  careful  analysis 
and  is  strongly  dependent  on  tne  f i  .>w  field  surrounding  the  nozzle.  Measurements  indicate 
that  the  wrong  choice  of  the  measurement  plane  will  lead  to  errors  in  excess  of  50  %  in 
the  droplet  size. 
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DISCUSSION 


CMoses,  US 

Was  the  air  flow  cold  or  were  you  allowing  for  droplet  evaporation'’  Vie  have  made  measurements  in  evaporating 
systems:  the  techniques  are  more  difficult  but  it  can  be  done.  The  distributions  with  axial  distance  are  significantly 
changed  as  the  small  droplets  immediately  evaporate  and  the  SMD  increases  rapidly  with  distance. 

Author's  Reply 

The  experiments  were  performed  under  cold-flow  conditions.  Our  studies  in  this  phase  were  directed  towards  the 
droplet  production  from  the  nozzle  in  order  to  characterize  the  nozzle.  The  next  step  will  be  measurements  under 
pressure  and  with  evaporation.  We  are  convinced  that  a  shift  of  the  S.MI)  with  axial  distance  will  occur.  However, 
the  SMI)  will  also  be  affected  by  the  evaporation  of  the  larger  droplets,  which  is  probably  more  relevant  in  the  latter 
stages  of  the  evaporation  process. 


J. Peters,  US 

I  1 )  Your  results  on  SMD/Djo  variations  refute  Simmons’  work  (SMD, '1)50  =  constant).  W'hat  do  you  think  is 
the  explanation  for  this'? 

(  ’)  Was  your  work  showing  the  difference  in  size  distribution  widths  for  different  iniectors  performed  on 
production  injector  hardware'' 

Author’s  Reply 

Numerous  measurements  in  our  Institute  indicate  that  the  ratio  D50/SMD  =  1 .2  +  2.5.  In  using  the  Rosin-Rammler 
distribution  we  find  for  the  range  of  nozzles  tested  N  =  2.2  3.  W'e  even  found  an  extreme  case  with  N  =  4.  The 

pressure  atomizers  were  production-type  nozzles  whereas  the  airblast  atomizers  were  experimental  and  prototype 
designs.  Simmons’  data  may  not  be  in  disagreement  with  our  results  as  long  as  the  nozzles  in  his  study  are  of  similar 
design.  There  is  no  question,  though,  that  even  for  identical  nozzles  Djo.'SMD  constant  with  different  flow  rates 
as  shown  in  figure  4. 
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SUMMARY 

With  respect  to  the  reduction  of  emissions  in  combustion  processes  it  is  of  recent 
interest  to  examine  the  atomization  and  mixing  performance  of  different  types  of  injec¬ 
tion  devices  for  liquid  fuel.  The  present  investigation  concentrates  on  air  blast 
atomizers  of  the  plain  jet  and  prefilming  type.  Measurements  of  the  initial  droplet  size 
distribution  and  final  mixing  in  a  duct  are  presented  and  discussed. 


INTRODUCTION 

Liquid  fuel  injectors  for  gas  turbine  combustion  chambers  can  be  separated  into 
three  broad  categories.  These  are  pressure  atomizers,  air-assist  atomizers,  and  air- 
blast  atomizers.  With  respect  to  the  reduction  of  emissions  in  combustion  processes,  for 
example  carbon  monoxide,  nitrogen  oxide,  unburnt  hydrocarbons  and  soot,  the  latter  cate¬ 
gory  of  alrblast  atomizers  is  being  used  more  and  more.  The  best  choice  of  fuel  injec¬ 
tion  for  the  mixture  preparation  appears  to  be  an  airblast  atomizing  system,  especially 
for  premixed  combustion.  High  velocity  atomizing  air  is  the  primary  factor  in  producing 
small  droplets  while  simultaneously  providing  high  initial  relative  droplet  velocities. 

A  high  degree  of  vaporization  and  fuel-air  mixing  is  required  for  premixed  com¬ 
bustion  in  order  to  reach  the  desired  NOx-goals.  It  is  therefore  necessary  to  examine 
the  basic  atomization  and  mixing  processes  of  the  liquid  fuel  in  a  high  velocity  air- 
stream. 

There  are  two  types  of  air-blast  atomizers,  plain-jet  and  prefilming  ones.  The 
plain-jet  atomizers  use  discrete  jets  which  are  injected  into  a  high  velocity  airstream. 
The  prefilming  atomizers  produce  a  thin  liquid  film  which  is  accelerated  by  a  parallel 
high  velocity  air  stream  to  a  tip  where  the  atomization  process  takes  place.  The 
characteristics  of  the  two  types  of  air  blast  atomizers  were  reviewed  in  Ref.  1.  Further 
publications  like  Ref.  2  through  5  examined  the  droplet  size  distributions  of  the  two 
different  injection  types.  For  the  development  of  a  premixing  section  the  information 
on  droplet  sizes  is  not  sufficient.  As  a  high  degree  of  homogeneity  is  one  of  the  main 
requirements  for  this  burner  part,  tests  which  also  show  the  mixing  performance  are 
needed  in  order  to  determine  whether  the  one  or  the  other  airblast  system  is  more  bene- 
fitial  in  connection  with  the  premixing  flow  duct.  It  is  apparent  that  there  are  diffe¬ 
rences  in  the  dispersion  characteristics  of  both  systems.  The  present  study,  therefore, 
is  an  examination  of  both  aspects,  the  atomization  and  the  mixing. 

2.  Atomizer  experiments 

For  the  elementary  atomizer  Investigations,  a  channel  of  constant  restangular  cross- 
section  was  used,  as  shown  in  Fig.  1.  It  is  a  blow-down  wind  tunnel  originally  designed 
for  model  investigations  of  the  unsteady  direct  diesel  injection  process  under  varying 
engine  conditions  with  respect  to  pressure  and  temperature.  The  height  of  the  channel  was 
reduced  to  20  mm  for  the  present  study  in  order  to  obtain  a  flow  velocity  in  the  test 
section  of  120  m/sec  at  a  pressure  of  20  bars.  This  relatively  narrow  channel  limited 
the  conditions  for  the  plain  jet  experiments  to  those  where  the  atomized  fuel  did  not 
touch  the  wall.  The  fuel  injection  time  was  kept  at  2  seconds  in  order  to  avoid  a 
special  treatment  of  the  exhausting  fuel-air  mixture.  The  droplet  size  distribution  was 
measured  by  the  familiar  laser  light- scattering  technique.  The  special  system  used  for 
this  investigation  is  described  in  Ref.  [6.1 

In  addition  to  droplet-size  measurements,  short-time  shadowgraphs  have  been  taken 
using  a  nanolight  as  the  light  source  (spark  time  =  10  ”8  seconds).  A  schlieren  system 
was  used  to  identify  more  clearly  the  local  distribution  of  droplets  and  the  initial 
mixing  process, 

2 . 1  The  plain- jet  atomizer 

The  plain-jet  atomizer,  injecting  transverse  into  the  air  flow,  is  located  in  the 
test  section  as  can  be  seen  on  the  shadcwgraphs  In  Fig.  2.  The  measurements  at  atmos- 


pheric  conditions  were  performed  in  an  open-ended  test  channel  which  was  of  a  similar 
shape  as  that  used  for  the  measurements  at  elevated  pressures.  The  injector  orifices 
were  designed  with  a  length  to  diameter  ratio  1/d  of  about  5.  Diesel  fuel  was  used  for 
all  the  present  atomizer  investigations,  including  the  prefilmer. 

The  shadowgraphs  in  Fig.  2a-d  show  that  with  increasing  dynamic  head  of  the  airflow 
the  atomized  jet  becomes  highly  unsteady,  indicating  a  vortical  structure  (Fig.  2d). 

Fig.  2b  and  c  are  for  the  same  dynamic  head  of  the  air  flow,  but  at  different  ambient 
air  pressures  of  5  and  20  bars,  respectively.  It  is  apparent  that  the  liquid  jets  in 
this  case  brealc  up  and  spread  very  similarly.  Separation  of  droplets  due  to  their  diffe¬ 
rent  sizes,  and  contributing  to  the  fuel  distribution  across  the  flow  duct,  occurs  only 
at  the  lowest  aerodynamic  forces  in  this  series  of  shadowgraphs.  Fig.  2a.  Hussein  et  al 
[4,5]  determined  the  time-averaged  penetration  distance  of  plain  jets  of  different  dia¬ 
meter  in  a  similar  arrangement  at  atmospheric  conditions.  It  becomes  clear,  however, 
from  the  shadowgraphs  in  Fig.  2,  that  the  unsteady  character  can  be  essential  for  jet 
penetration. 

Droplet  sizes  were  measured  at  atmospheric  conditions  for  orifices  of  d  =  0.5  and 
1  mm  diameter  and  different  fuel  flow  rates.  Fig.  3  is  a  plot  of  the  Sauter  inean  dia¬ 
meter  SMD  over  the  dynamic  head  of  the  airstream,ip  =  o  u'^/2.  The  measured  droplet  sizes 
depend  on  the  location  of  the  laser  beam  within  the  spray.  This  is  due  to  two  reasons. 
The  first  concerns  the  measurement  technique,  i.e.  all  droplets  have  to  have  the  same 
velocity  because  only  concentrations  are  measured.  The  second  is  that  the  droplet  size 
distribution  can  depend  on  the  position  across  the  jet,  as  it  does, for  example,  for  the 
conditions  of  Fig.  2a.  Therefore,  all  the  measurements  have  been  made  50  mm  downstream 
of  the  injection  point  (5]  and  in  the  middle  of  the  atomized  jet  (determined  by  the  ob¬ 
servers  eye) .  Of  course  this  can  provide  only  a  rough  characterisation  of  the  atomiza¬ 
tion,  because  at  low  aerodynamic  forces  and  relatively  high  fuel  injection  rates  the 
width  of  the  atomized  jet  is  much  larger  than  the  diameter  of  the  laser  beam.  The  depen¬ 
dency  of  the  droplet  sizes  across  the  jet  is  shown  in  Fig.  3  for  i(i  =  15  1/h,  and 
p  =  150  mbar  at  the  upper  (r  )  and  lower  (r  )  jet  boundaries.  The^inf luence  of  increa- 
singip  on  droplet  diameter  “  (SMD)  can  be  Seen.  A  significant  influence  from  the  fuel 
flow  rite  A,  and  the  orifice  diameter  d  could  not  be  observed  within  the  relatively 
narrow  variations.  All  the  measurements°at  higher  ambient  air  pressures  (p  =  5  and 
20  bars,  T  =  100°C)  are  for  an  orifice  diameter  of  0.5  mm.  These  data  art  shown  in 
Fig.  4.  Although  there  is  some  scatter  in  the  data,  it  can  be  concluded  that  the  droplet 
sizes  depend  only  on  Ap  ,  irrespective  of  the  ambient  air  pressure  level.  Similar  re¬ 
sults  have  been  obtained  for  a  plain  jet  atomizer  of  a  different  design  [3]. 


2.2  The  prefilming  atomizer 


The  plane  prefilming  atomizer  investigated  is  shown  in  Fig.  5.  The  influence  of 
Ap  and  the  fuel  flow  rate  iIl  at  atmospheric  conditions  is  shown  in  Fig.  6.  The  droplet 
ditmeter  (SMD)  decreases  with  decreasing  fuel  flow  rate,  because  at  constant  width  of 
the  prefilming  surface  the  liquid  film  thicltness  decreases.  The  measurements  at  elevated 
pressures,  shown  in  Fig.  7,  indicate  that  the  droplet  diameters  (SMD)  at  all  ambient  air 
pressures  investigated  depend  only  on  Ap^. 


3.  Mixing  experiments 


The  experiments  were  performed  in  two  different  test  facilities,  one  for  atmos¬ 
pheric  and  one  for  high  pressure  tests.  Both  facilities  were  designed  to  measure  the  air- 
liquid  flow  distribution  and  the  droplet  size.  The  atmospheric  test  facility  already 
described  in  Ref.  7  consists  of  a  blower  supplying  air  via  a  settling  chamber  to  the  mo¬ 
del  with  atmospheric  conditions  at  the  exhaust. 


The  high  pressure  test  facility  shown  in  Fig.  8  consists  of  a  closed  pipe  system 
with  blower,  cooler  and  liquid  separators.  A  piston  compressor  together  with  a  control 
system  supplies  high  pressure  air  to  maintain  the  system  pressure  at  the  desired  level. 
The  test  section  of  the  high  pressure  test  facility  is  equipped  with  several  windows  for 
observation.  Flanges  at  various  axial  and  circumferential  locations  provide  for  probe 
traverses  to  measure  the  spatial  distribution  of  the  air-liquid  flow.  Water  can  be  fed 
to  either  test  facility  through  a  pump.  In  addition  it  is  possible  to  employ  liquids 
other  than  water  in  the  hiah  pressure  test  facility. 


The  transparent  model  depicted  in  Fig.  9  was  used  in  all  experiments.  It  had  an 
outer  contour  lilte  a  venturi  tube.  The  inserted  hub  was  kept  in  position  by  8  struts. 

With  the  exception  of  the  prefilmer  tests,  the  struts  were  Inclined  to  obtain  swirl.  The 
plain-jet  elements  and  the  prefilmer  elements  were  mounted  on  the  struts  (see  Fig.  9) . 

Additional  plain-jet  elements  were  fabricated  by  drilling  holes  into  the  hub  per¬ 
pendicular  to  the  surface.  Water  was  Injected  near  the  throat  section  of  the  model.  The 
air  and  water  temperatures  in  all  experiments  were  kept  near  30“C.  The  air  and  water 
mass-flow  rates  were  measured  with  a  venturi  tube  and  a  plate  orifice,  respectively,  and 
according  to  DIN  1952.  As  a  first  step  the  velocity  profiles  were  measured  without  water 
injection  in  a  plane  located  20  mm  downstream  of  the  exhaust.  Afterwards  the  local  water 
concentration  of  the  air-water  mixture  was  evaluated  by  Isocinetlc  probing.  The  water  was 
collected  in  a  liquid  separator,  and  mass  and  time  were  measured. 
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3 . 1  Atmospheric  tests 

In  these  experiments  two  plain-jet  injection  tubes  on  opposite  struts  were  tested. 
The  jets  were  injected  tangentially  (8  =  0°)  against  the  swirl  of  the  air  flow. 

The  idea  behind  these  experiments  was  that  the  two  jets  would  not  merge  and  could 
easily  be  detected  in  the  exhaust  plane.  (It  should  be  possible  to  get  a  first  approxi¬ 
mation  of  the  parameters  which  influence  the  development  of  the  jet  in  this  rather 
complex  flow) . 

The  test  conditions  are  given  below: 


injection  orifice  diameter 

d  = 

0.5, 

0 . 8  mm 

air  mass-flow 

ih°  = 

0.9 

kg /sec 

water  mass-flow 

III®  = 
w 

1 1 

g/sec 

In  order  to  analyse  the  jet  and  droplet  propagation  the  velocity  profiles  and  the 
local  water  concentration  levels  were  measured  in  the  entire  plane. 

Two  typical  results  are  shown  in  Fig.  10.  The  area  which  is  covered  by  water  has 
the  shape  of  a  crescent,  the  size  of  which  increases  with  increasing  injection  orifice 
diameter  and  injection  velocity  to  air  velocity  ratio.  The  jet  mixing  in  this  case  is 
probably  controlled  by  individual  droplet  motion  according  to  Fig.  2a.  A  prediction  of 
the  paths  of  the  droplets  yields  a  distribution  in  the  exhaust  plane  along  a  curved 
line  which  compares  with  the  centre  line  of  the  crescent  [8] .  There  exists  a  separation 
effect  whereby  the  smallest  and  the  largest  droplets  are  located  on  opposite  ends,  the 
line  extending  with  increasing  injection  velocity. 

3 . 2  High  pressure  tests 

The  aim  of  the  experiments  described  below  was  to  test  various  injector  systems 
with  respect  to  their  mixing  behaviour.  For  carrying  out  experiments  the  question  of 
appropriate  test  conditions  arises. 

According  to  Fig.  2a-d  the  jet  mixing  is  governed  by  either  individual  droplet  motion 
and/or  by  the  unsteady  vortical  gas  motion.  It  follows  from  Figs.  2-4,  6  and  7  that  the 
dynamic  air  pressure  head  is  an  important  influence  on  jet  penetration  and  atomization. 
The  conditions  nay  be  characterized  in  the  most  general  way  by  the  Reynolds  number  of  the 
liquid  and  the  gas  phase,  the  Weber  number,  the  density  ratio,  and  the  injection  velo¬ 
city  to  air  velocity  ratio.  In  addition  the  geometric  similarity  has  to  be  considered. 
Without  making  any  assumptions  for  the  functional  dependence  of  the  model  numbers,  the 
conditions  in  the  turbine  have  to  be  maintained.  For  simplicity  reasons,  water  was  em¬ 
ployed  in  a  first  step  Instead  of  liquid  fuel.  The  density  and  velocity  of  the  air  flow, 
the  ratio  of  liquid  to  air  mass  flow,  and  the  geometrical  dimensions  were  kept  constant 
at  the  values  of  the  turbine.  After  optimizing  the  injector  systems  it  is  intended  to 
adapt  them  to  liquid  fuels. 

Plain-jet  injector  tests 

In  the  first  test  series  the  model  was  equipped  with  a  plain-jet  injector  device 
where  the  radial  position  of  the  injector  tubes  was  kept  constant.  The  first  version  had 
two  orifices  each  with  a  diameter  of  1  mm,  one  jet  in  the  tangential  direction  (B  =  0") 
and  the  second  with  an  inclination  of  B  =  30°.  The  results  are  shown  in 

Fig.  11.  Probe  traverses  of  the  axial  velocity,  the  water  mass  flow,  and  the  calculated 
water-air  ratio  are  presented. 

The  influence  of  the  hub  on  the  air  flow  is  still  present  at  the  exit  plane.  The 
water  mass  flow,  with  a  maximum  at  r/R  -  0.6,  is  declining  very  rapidly  towards  the 
centre  and  the  outer  contour.  For  comparison  purposes  the  standard  deviation  was  calcu¬ 
lated.  It  is  quite  clear  that  the  mixing  performance  of  this  version  does  not  meet  the 
requirements  for  premixed  combustion.  Moving  upstream  or  changing  the  direction  (B)  of 
the  jets  did  not  give  any  Improvement.  Calculations  of  the  individual  droplet  motion  re¬ 
vealed  that  droplets  smaller  than  30  urn,  starting  in  different  directions,  are  deposited 
at  nearly  the  same  radius  in  the  exhaust  plane.  The  best  mixing  in  the  test  series  was 
obtained  with  one  jet  in  the  tangential  direction  on  each  tube  and  0  jets  on  the  hub  per- 
pentlcular  to  the  surface.  These  results  are  shown  in  Fig.  12. 

Prefilmer  tests 

Eight  prefilmer  elements  designed  for  constant  water  mass  flow  per  unit  length  were 
mounted  on  the  struts.  This  resulted  in  a  water  mass  flow  rate  per  unit  area  proportio¬ 
nal  to  1/r  in  the  injection  plane.  The  mixing  section  was  operated  without  swirl  in  this 
case.  To  check  the  circumferential  mixing  two  traverses  were  made,  one  behind  a  strut 
and  one  in  the  middle  between  two  struts.  They  gave  about  the  same  distribution. 

The  results,  depicted  in  Fig.  13,  show  little  water  in  the  middle  of  the  exhaust 
plane.  In  the  range  0.  3  i  r/R  S  0.  7  the  water  mass  flow  rate  is  approximately  proportio¬ 
nal  to  1/r  according  to  the  distribution  in  the  Injection  plane.  This  means  that  there 
is  not  much  mixing  in  radial  direction.  The  standard  deviations  for  the  beat  plain-jet 
version  and  the  prefilmer  are  about  the  same. 
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CONCLUSION’ 


The  test  results  revealed  the  necessity  of  further  refinement  in  order  to  get 
better  mixing  properties.  This  can  be  achieved  by  modifying  the  venturi  contour  to  give 
a  more  plane  radial  velocity  profile  and  by  improving  the  fuel  distribution  in  the  in¬ 
jection  plane.  The  latter  is  controllable  by  the  number  of  plane  jet  elements#  or  alter¬ 
natively  by  adjusting  the  prefilmer  geometry  (e.g.  concentric  rings)  to  yield  a  more 
uniform  rate  across  the  injection  plane. 
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Fig.  8  High  pressure  test  facility  for  mixing  experiments 
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Fig.  9  Test  section  and  injector 
elements 
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Fig.  10  Atmospheric  mixing  tests: 
in  the  exit  plane 
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ABSTRACT 
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Detailed  fuel  spray  analyses  are  a  necessary  input  to  the  analytical  modeling  of  the 
complex  mixing  and  combustion  processes  which  occur  in  advanced  combustor  systems.  It 
is  anticipated  that  by  controlling  fuel-air  reaction  conditions,  combustor  temperatures 
can  be  better  controlled,  leading  to  improved  combustion  system  durability.  Thus,  a 
research  program  is  underway  to  demonstrate  the  capability  to  measure  liquid  droplet 
size,  velocity,  and  number  density  throughout  a  fuel  spray  and  to  utilize  this  measure¬ 
ment  technique  in  laboratory  benchmark  experiments.  The  research  activities  from  two 
contracts  and  one  grant  are  described  with  results  to  date.  The  experiment  to  cnaract- 
erize  fuel  sprays  is  also  described.  These  experiments  and  data  should  be  useful  for 
application  to  and  validation  of  turbulent  flow  modeling  to  improve  the  design  systems 
of  future  advanced  technology  engines. 


INTRODUCTION 

The  economic  pressures  that  face  all  of  us  today  ate  also  having  a  dramatic  effect 
on  the  aircraft  industry,  commercial  airlines,  and  the  military.  in  the  area  of  propul¬ 
sion,  the  development  costs  to  evolve  a  new  engine  for  the  next  generation  aircraft  are 
becoming  staggering.  And  in  the  interest  of  fuel  economy  new  engines  are  operating  at 
higher  pressures  and  temperatures  which  can  adversely  affect  the  operating  and  mainten¬ 
ance  costs  of  the  hot  section  components.  This  situation  is  placing  greater  demands  on 
the  engine  designer  to  produce  a  dependable  and  reliable  system.  This  is  especially 
true  with  the  combustor,  where  fuel  and  air  must  be  efficiently  mixed  and  where  combus¬ 
tion  must  take  place  in  a  minimum  amount  of  space.  It  is  perceived  that  a  better  under¬ 
standing  of  the  complex  mixing  and  combustion  processes  which  occur  in  a  combustor  could 
reduce  the  time  required  to  design  and  develop  new  combustor  concepts,  and  could  also 
lead  to  more  optimized  designs  resulting  in  improved  component  durability.  It  is  for 
these  benefits  that  the  National  Aeronautics  and  Space  Administration's  Lewis  Research 
Center  (LeRC)  is  engaged  in  combustion  research.  The  objective  of  the  research  is  to 
obtain  a  better  understanding  of  these  physical  processes  and  to  develop  analytical 
models  which  can  accurately  describe  these  processes. 

The  current  combustion  program  at  LeRC  is  organized  into  two  categories;  combustion 
fundametals  research  and  applied  combustion  research.  Research  activities  under  the 
combustion  fundamentals  category  are  classifed  under  the  subject  areas  of  fuel  sprays, 
mixing,  r ad iat ion/chemistcy ,  and  combustion  dynamics,  figure  1.  Each  of  these  subject 
areas  have  research  activities  to  develop  and  improve  analytical  models  and  to  perform 
experiments  to  better  understand  the  physical  processes  and  provide  needed  data  for  the 
modelers,  references  1,  2.  As  shown  in  figure  2,  the  long  range  objective  is  to  obtain 
predictive  computer  codes  which  the  industry  can  utilize  in  their  combustion  design  sy¬ 
stem.  The  remainder  of  this  paper  will  focus  on  the  experimental  research  activities  in 
the  subject  area  of  fuel  sprays. 

A  great  deal  of  research,  both  experimental  and  analytical,  had  addressed  itself  to 
the  problem  of  spray  combustion.  A  liquid  fuel  spray  undergoes  vaporization  and  mixing 
with  a  turbulent  airstream  just  prior  to  the  combustion  process.  The  relative  veloci¬ 
ties  between  the  fuel's  gas  phase  and  liquid  droplets  affect  the  evaporation,  burning 
rate,  and  the  pollutant  formation.  In  attempts  to  analytically  model  this  two-phase 
flow,  detailed  information  on  the  fuel  spray  and  air  boundary  conditions  are  required, 
reference  3  and  4.  Furthermore,  assessments  cf  the  analytical  models  require  detailed 
information  of  the  fuel  spray  throughout  the  spray  cone,  leference  5.  Thus,  it  is 
necessary  to  measure  the  size  and  velocity  distribution  of  the  spray  droplets  and  the 
evolution  of  their  d  i  s tr i bu t ions  with  the  flow. 

Several  laser  measurement  methods  can  provide  the  required  data  in  principle,  refer¬ 
ences  6  and  7,  and  large  strides  in  the  area  of  laser  velocimetry  and  signa’  processing 
have  been  made  in  recent  years  to  improve  these  techniques.  As  part  of  the  combustion 
research  program,  LeRC  is  conducting  a  program  to  demonstrate  the  capability  to  measure 
liquid  droplet  size,  velocity,  and  number  density  throughout  a  fuel  spray  and  to  utilize 
this  instrument  in  laboratory  benchmark  experiments  to  obtain  the  required  data  for  the 
analytical  models.  This  program  is  described  below.  In  addition,  two  contracts  are 
underway  to  further  refine  droplet  sizing  interferometer  techniques.  The  Advanced  Drop¬ 
let  Sizinq  System  incorporates  two  similar  but  distinct  techniques  to  use  scattered 
laser  light  to  determine  particle  size  and  velocity.  The  Phase  Detection  Droplet  Sizing 
System  also  uses  scattered  laser  light,  but  compares  the  phase  differences  at  two  points 
to  determine  particle  size.  These  promising  systems  are  highlighted  with  results  to 
date  presented.  Finally,  it  is  recognized  that  applying  instruments  sucti  as  those  to 
reacting  and  non-reacting  fuel  sprays  presents  a  formidable  task  of  data  processing  ano 
analysis.  An  effort  is  underway  which  focuses  on  further  development  of  these  analysis- 
techniques.  A  co-axial  free  jet  apparatus  is  being  built  to  study  the  combustion  pa^'a- 
meters  of  a  relatively  simple  liquid  fuel  spray  c-mtustion  process.  Modern  diagnostic 
instruments  will  be  utilized  to  establish  data  analysis  procedures  and  provide  experi¬ 
mental  data  for  analytical  model  assessment.  This  research  activity  is  described. 


NASA  LeRC  FUEL  SPRAY  DIAGNOSTICS 
PROGRAM 


The  Fuel  Spray  Diagnostics  Program  is  a  part  of  the  LeRC  Combustion  Fundamentals 
Research,  references  1  and  2.  The  objective  of  this  in-house  program  is  to  conduct  de 
tailea  investigations  of  fuel  and  air  mixing  downstream  of  fuel  nozzles  in  order  to  su 
ply  the  analytical  modeler  with  needed  benchmark  data  for  model  assessment.  Measu’-e- 
ments  of  droplet  size  and  velocity  at  conditions  representing  those  of  gas  turbines  ar 
required.  A  knowledge  of  the  turbulent  interactions  between  flowing  air  streams  and 
simulated  fuel  sprays  is  also  necessary?  thus  measurements  of  air  velocity  are  made 
simultaneously  with  the  droplet  measurements  to  completely  track  the  flow 
characteristics. 

This  experimental  research  is  being  conducted  in  the  Fuel  Spray  Diagnostics  Facil¬ 
ity.  The  major  instrument  used  is  a  Droplet  Sizing  Interferometer  (DSI).  A  photograp 
or  the  existing  experimental  conf igurat i on  is  presented  in  figure  3.  The  DSI  is  a  two 
color,  two-component  system.  Two  independent,  orthogonal  measurements  of  droplet  size 
and  velocity  components  can  be  made  simultaneously.  The  transmitter  unit  includes  a  . 
watt  Argon  ion  laser.  Two  receivers,  situated  at  different  angles,  measure  the  hori¬ 
zontal  and  vertical  components.  A  water  spray  from  a  fuel  nozzle  is  probed  throughout 
with  the  DSI  instrument  to  determine  nozzle  characteristics.  The  apparatus  will  be  di 
cussed  in  more  detail  in  the  following  section. 

The  Fuel  Spray  Diagnostics  Program  consists  of  various  experimental  configurations 
presented  in  Table  1.  In  the  first  part,  water  will  be  used  to  simulate  fuel  sprays. 
Several  test  conditions  and  probe  volume  positions  for  mapping  typical  fuel  nozzle  flo 
distribution  will  be  selected.  The  second  part  will  utilize  a  fuel  nozzle/swirler  com 
bination  to  study  fuel/air  mixing  char acteristics  and  flow  seeding.  Finally,  measure¬ 
ments  of  more  complex  turbulent  fuel  spray  chemical  reaction  flows  are  planned  for  ana 
lytical  application  to  the  combustion  process. 

Droplet  Sizing  Interferometer 

The  existing  NASA  LeRC  Droplet  Sizing  Interferometer  (DSI)  is  a  laser  based  instru 
ment  currently  being  developed  for  application  to  dense  sprays.  The  instrument  is  use 
for  measuring  liquid  droplets  and  solid  particles  in  fluid  flows.  The  measurement  of 
droplet  (or  particle)  size  and  velocity  is  based  upon  the  observations  of  light  scatte 
ed  by  small  particles  passing  through  the  crossover  region  of  two  laser  beams.  The  of 
axis  light  scatter  detection  method  is  used  in  the  size  and  velocity  measurements? 
droplets  are  treated  as  spheres  that  reflect  or  refract  light,  references  8,  9. 

The  DSI  can  operate  in  most  spray  and  aerosol  environments  to  provide  size  and  vel 
city  measurements  to  a  high  degree  of  accuracy.  It  is  also  capable  of  obtaining  large 
quantities  of  spray  data  in  a  small  time.  There  is  an  urgent  need  of  such  data  to  pro 
perly  define  the  physical  characteristics  of  two  phase  flows  essential  to  many  enginee 
ing  applications  in  combustion  systems. 

The  fundamental  features  of  the  instrument  are:  optics,  signal  processing,  and  da 
management  system.  The  optical  system  contains  two  packages  that  are  very  critical  in 
the  accuracy  of  the  measurements,  the  transmitter  and  the  receiver.  Figure  4  shows  th 
basic  configuration  of  the  droplet  sizing  optical  system  for  single  component  measure¬ 
ments.  The  transmitting  optics  define  two  parameters,  the  fringe  spacing  (determined 
the  crossover  angle  of  the  laser  beam)  and  the  position  of  the  probe  volume.  It  is  co 
posed  of  a  0.5  watt  Argon  Ion  laser,  beam  expander,  beam  splitter  and  focusing  lens. 
The  laser  is  used  to  provide  a  coherent  light  source  to  non-intrusively  measure  small 
droplet  size  and  velocity.  A  beam  expander  consists  of  two  lenses  placed  focal  point 
focal  point  where  the  diameter  of  the  laser  beam  can  be  increased  as  necessary.  The 
beam  splitter  produces  two  exit  beams  of  approximately  equal  intensity  and  is  used  to 
adjust  the  separation  between  them.  The  beams  are  then  intersected  by  focusing  them 
with  a  lens.  The  probe  volume  or  point  of  intersection  of  the  laser  beams  form's  an  in 
terference  pattern  of  fringes,  figure  5(a).  Droplets  passing  through  these  fringes  pr 
jecc  scattered  light  with  different  patterns  that  are  used  in  the  measurement  of  size 
and  velocity.  The  receiving  optics  collect  the  light  scattered  from  droplets  moving 
through  the  probe  volume.  It  contains  a  collecting  lens  and  a  photomultiplier  (PMT) . 
The  collecting  lens  is  used  to  image  the  probe  volume  on  the  photomultiplier's  apertur 
or  pinhole,  where  the  droplet  signals  are  registered. 

The  signal  processing  components  are  enclosed  in  a  Visibility  Processor.  It  con¬ 
sists  ot  Signal  Filtering,  Percentage  of  Error  Setting,  Doppler  Integrators,  Pedestal 
Integrators  and  also  controls  a  programmable  power  supply  that  generates  the  h.igh  volt 
age  for  the  photomultiplier  tube.  The  Visibility  Processor  is  mainly  used  to  process 
doppler  burst  signals.  The  input  signals  to  the  processor  are  doppler  signals  superin 
posed  on  Gaussian  pedestals,  figure  5(b).  The  processor  separates  the  doppler  componc 
from  the  pedestal  component.  The  droplet  size  is  determined  from  the  signal  visibilit 
(that  is  the  magnitude  of  the  ratio  between  the  Doppler  and  the  pedestal  ccmnonents)  a 
the  velocity  from  the  Doppler  frequency. 

The  Data  Management  System  (DMS)  is  a  microprocessor  that  collects,  stores  and  ana 
lyzes  data.  It  acquires  raw  data  from  the  Visibility  Processor.  The  DMS  contains  dat 
display  and  acquisition  programs  with  histograms  of  the  visibility  and  period  distribi 
tions.  Floppy  disks  are  used  for  software  and  data  storage.  A  pr inter -plotter  is  in¬ 
cluded  to  provide  hard  copy  records. 

ADVANCED  DROPLET  SIZING  SYSTEM 

Two  advanced  techniques  for  the  measurement  of  the  size  and  velocity  of  particles 
will  be  incorporateH  in  the  original  Droplet  Sizing  Interferometer  to  eliminate  some  ( 
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the  problems  encountered  in  the  real  environment  situations.  This  new  instrument  is  the 
Advanced  Droplet  Sizing  System  (ADSS)  and  the  referred  techniques  are:  the  Visibility 
Intensity  Technique  (V/I)  and  the  Intensity  Maximum  technique  (IMAX). 

The  Advanced  Droplet  Sizing  System  will  be  designed  to  be  a  modular  type  that  in¬ 
cludes  the  two  combined  measurement  techniques.  This  design  concept  provides  the  system 
with  capabilities  for  future  expansions  based  on  results  of  new  developments  in  the 
research  of  light  scattered  methods.  The  research  is  being  done  under  a  NASA  contract 
with  Spectron  Development  Laboratories,  Inc.  and  the  principal  investigator  is  Dr.  Cecil 
F.  Hess. 

Limitations  of  Light  Scatter  Measuring  Methods 

Light  scatter  methods  were  developed  with  the  intention  of  obtaining  large  quanti¬ 
ties  of  significant  particle  measurements  in  a  reasonable  amount  of  time.  Since  the 
concept  of  visibility  for  particle  sizing  was  introduced,  many  studies  have  been  carried 
out  in  the  development  of  this  technology.  However,  limitations  surface  when  these 
method:  are  applied  to  real  environments. 

Th  main  limitation  of  the  visibility  technique,  where  the  visibility  of  a  doppler 
signal  is  used  as  a  sizing  parameter,  is  its  incapability  to  measure  particles  in  a 
dense  field.  In  environments  like  dense  sprays  and  turbulent  media,  particles  appear  to 
be  larger  due  to  the  presence  of  multiple  particles  in  the  probe  volume.  Also,  the 
fringe  pattern  at  the  probe  volume  is  affected  by  particles  intersecting  the  laser 
beams.  An  inaccurate  visibility  magnitude  can  result  from  various  other  causes,  e.g. 
loss  of  fringe  contrast  due  to  imperfections  in  optical  components,  dependency  on  where 
the  particle  goes  through  probe  volume,  misalignment  and  increase  in  background  noise 
due  to  small  drops  present  in  probe  volume.  Some  of  these  limitations  can  be  eliminated 
after  they  are  recognized,  but  the  most  difficult  ones  are  those  due  to  the  real  envir¬ 
onment  situations. 

The  Visibility/Intensity  (V/I)  Technique 

The  V/I  technique  is  based  on  the  visibility  and  intensity  of  the  scattered  light 
signal  to  obtain  the  size  and  velocity  of  individual  droplets.  It  is  known  that  the 
relationship  between  visibility  and  size  is  not  straight  forward  in  real  environments. 
The  V/I  technique,  reference  10,  eliminates  some  of  the  errors  produced  by  measuring 
dense  sprays.  It  uses  the  intensity  of  the  pedestal  of  the  scattered  light  in  addition 
to  the  visibility.  The  signal  from  each  particle  produces  both  parameters  and  their 
cross-correlation  can  be  used  to  select  the  right  signals. 

A  correlation  between  the  measured  size  of  the  droplet  and  the  amount  of  scattered 
light  (Mie  theory)  is  used  to  eliminate  signals  that  indicate  the  wrong  size.  This 
technique  is  based  on  the  fact  that  droplets  that  produce  certain  visibility  must  have  a 
given  size,  and  consequently  they  must  scatter  light  with  a  given  intensity.  In  this 
manner,  limits  are  fixed  for  every  measured  visibility. 

Two  of  the  main  problems  are  solved  by  this  technique.  First,  droplets  with  erron¬ 
eous  visibility  (due  to  beam  blockage  that  causes  a  disturbed  probe  volume)  will  scat¬ 
ter  light  with  an  intensity  lower  than  the  one  pertaining  to  their  apparent  size. 

Second,  droplets  crossing  the  probe  volume  at  the  point  of  less  intensity  (the  tail  of 
the  Gaussian  intensity  profile)  will  have  the  right  visibility,  but  will  scatter  light 
with  different  intensity.  The  V/I  technique  sets  limits  for  the  probe  volume  and  re¬ 
jects  invalid  signals  by  establishing  limits  on  the  intensity  of  the  pedestal,  figure  6. 

An  advantage  of  the  V/I  technique  is  that  it  does  not  require  calibration.  However, 
it  is  currently  limited  to  a  size  range  of  about  10:1  in  low  density  sprays  and  about 
5:1  in  denser  sprays  for  each  optical  setting. 

Intensity/Maximum  (IMAX)  Technique 

The  second  technique  used  by  the  Advanced  Droplet  Sizing  System  is  the  Intensity 
Maximum  technique.  This  technique  uses  the  peak  intensity  of  the  pedestal  to  estimate 
the  size. 

The  intensity  of  the  laser  beam  has  a  Gaussian  distribution,  therefore,  the  inten¬ 
sity  of  the  pedestal  depends  on  whe'-e  the  particle  crosses  the  laser  beam  in  the  probe 
volume.  This  technique  establishes  limits  within  the  probe  volume  where  a  particle  can 
cross.  It  eliminates  the  uncertainty  caused  by  the  Gaussian  beam  intensity  distri¬ 
bution  and  makes  use  of  the  direct  relationship  between  intensity  and  droplet  size. 

In  order  to  establish  the  limits  within  the  probe  volume,  two  laser  beams  of  differ¬ 
ent  diameter  are  crossed  as  illustrated  in  figure  7.  An  iaterference  pattern  of  fringes 
is  formed  in  the  crossover  where  the  intensity  is  almost  uniform  in  the  big  beam.  Size 
and  velocity  me:asurements  are  obtained  from  the  peak  intensity  of  the  pedestal  of  the 
large  beam  and  the  doppler  frequency  for  each  signal. 

The  advantages  associated  with  this  method  ate:  size  measurements  performed  in  a 
region  of  uniform  intensity  and  capability  of  velocity  measurement  and  size  range  pcssi- 
bilities  up  to  30:1  with  appropriate  electronic  prccessing.  One  limitation  is  the  beam 
blockage,  caused  by  dense  sprays,  that  results  in  a  reduction  of  intensity.  However, 
this  limitation  is  not  as  serious  as  in  other  techniques  with  a  non-uniform  intensity 
distribution  at  the  probe  volume. 

Measurements  with  the  V/1  and  IMAX  Techniques 

Some  experiments  are  underway  to  evaluate  and  compare  the  capabilities  of  the  V/I 
and  IMAX  techniques.  The  up  to  date  results  for  the  experiments  that  will  be  presented 
here  are  explained  in  more  detailed  by  Dr.  C.  F.  Hess  in  reference  10. 


The  main  limitation  ot  the  visibility  technique,  as  was  previously  discussed,  is  its 
incapability  to  measure  particles  in  a  dense  field.  For  this  reason,  experiments 
focused  cn  the  effect  ot  beam  blockage  on  size  distribution.  Figure  8  shows  the  effect 
ot  obstructing  the  laser  beams  with  a  dense  spray  before  the  crossing  point.  The  first 
histogram  (fig.  8(a))  pertains  to  a  monodispersed  string  of  droplets  crossing  through 
the  middle  of  the  probe  volume.  The  second  histogram  (fig.  8(b))  presents  the  measure¬ 
ments  obtained  with  the  Visibility  technique  when  a  dense  spray  is  placed  before  the 
probe  volume.  The  fringe  pattern  is  altered,  resulting  in  a  false  extended  size  distri¬ 
bution.  The  third  histogram  (fig.  8(c))  corresponds  to  the  V/I  technique,  under  the 
same  circumstances.  The  size  distribution  in  this  case  is  very  similar  to  the  one  gen¬ 
erated  in  the  absence  of  spray  blockage  (fig.  8(a)). 

The  effect  of  beam  blockage  on  size  distribution  was  also  investigated  using  the 
IMAX  technique.  Results  are  shown  in  figure  9.  The  first  histogram  (fig.  9(a))  pre¬ 
sents  the  size  distribution  of  monodispersed  droplets  going  through  the  probe  volume. 

The  second  histogram  (fig.  9(b))  corresponds  to  the  results  obtained  with  the  IMAX  tech¬ 
nique  when  a  spray  is  obstructing  the  laser  beams  in  front  of  the  probe  volume.  This 
technique  also  shows  very  favorable  results,  with  the  average  diameter  nearly  the  same, 
even  though  some  corrections  were  found  to  be  needed.  The  V/I  and  IMAX  techniques  are 
still  being  developed  and  all  the  measurements  taken  ate  in  a  preliminary  stage.  A 
final  report  will  be  published  with  the  results  of  this  program. 


PHASE  DETECTION  DROPLET  SIZING  SYSTEM 

Laser  light  scatter  interferometry  techniques  offer  potential  for  non-intrusive 
real-time  measurements  in  relatively  dense  sprays.  A  schematic  of  a  generic  optical 
system  for  droplet  sizing  is  shown  in  figure  4  and  is  based  on  laser  doppler  velocimetry 
principles.  This  system  features  off-axis  light  scatter  detection  which  was  first  ana¬ 
lyzed  theoretically  by  Bachalo  (ref.  8).  A  schematic  of  an  alternate  system  based  on 
phase  detection  of  scattered  fringe  patterns  is  shown  in  figure  10.  This  system  is  cur¬ 
rently  undergoing  breadboard  evaluation  by  a  contractor  for  NASA  LeRC,  namely,  Aero- 
metics,  Inc.  The  principal  investigator  is  Dr.  W.  D.  Bachalo  who  has  authored  several 
papers  on  droplet  sizing  techniques,  e.g.  references  8  and  9. 

The  approach  utilizes  the  fact  that  light  deflected  by  a  sphere  through  the  mechan¬ 
isms  described  by  refraction  and  reflection  theory  can  be  measured  and  analyzed  to  ob¬ 
tain  the  diameter  of  the  sphere  passing  through  the  intersection  region  of  two  laser 
beams.  Light  scattered  from  one  beam  will  be  shifted  in  phase  with  respect  to  the  other 
by  an  amount  that  depends  upon  the  angle  of  observation  and  the  optical  paths  through 
the  sphere.  The  scattered  light  will  have  an  associated  phase  difference  which  produces 
an  interference  fringe  pattern  surrounding  the  spherical  droplet  (see  figure  10  inset) . 
The  spacing  of  the  interference  fringe  pattern  at  some  region  in  the  space  surrounding 
the  droplet  can  be  seen  to  be  inversely  proportional  to  the  droplet  diameter.  Proper 
selection  of  a  means  for  measuring  the  fringe  spacing  will  result  in  a  linear  relation¬ 
ship  between  the  measured  quantity  and  the  droplet  size. 

Using  the  proper  configuration  of  two  or  more  detectors  will  result  in  two  or  more 
identical  Doppler  burst  signals  that  are  shifted  in  phase  (see  figure  I’).  This  phase 
difference  which  can  be  measured  accurately  is  linearly  proportional  to  the  droplet  size. 

Furthermore,  when  a  droplet  moves  through  the  intersection  of  the  laser  beams,  light 
scattered  from  each  beam  undergoes  a  doppler  frequency  shift.  The  scattered  fringe  pat¬ 
tern  appears  to  move  at  the  doppler  difference  frequency  between  the  scattered  light 
from  each  beam.  Using  the  known  beam  intersection  angle  and  the  laser  wavelength,  the 
measured  signal  frequency  will  produce  an  accurate  meaurement  of  the  droplet  velocity. 
Thus,  the  same  period  information  provides  droplet  velocity  measurements  as  well  as 
droplet  size  measurements.  Both  measurements  are  unaffected  by  beam  attenuation  provid¬ 
ed  that  the  signal-to-noise  ratio  is  sufficient. 

The  relationships  used  to  obtain  the  droplet  size  from  the  measured  signal  phase 
difference  for  the  specified  optical  parameters  are  shown  in  figure  11.  The  signi¬ 
ficance  of  the  result  is  that  the  instrument  response  is  linear  over  the  entire  size 
range.  The  size  range  can  be  set  easily  by  adji sting  the  beam  intersection  angle  and 
the  gain  on  the  photodetectors. 

Recent  data  samples  from  measurements  of  a  nonodisperse  droplet  stream  produced  by  a 
Berglund-Liu  generator  are  shown  in  figure  12.  The  size  range  corresponds  to  a  phase 
difference  range  from  0  to  360  degrees  divided  i  ito  72  bins  of  5  degrees  each.  The  data 
shown  in  figure  12(a)  resulted  in  a  measured  mea  i  droplet  size  of  125.9  u  m  compared  to 
tlie  calculated  monodisperse  stream  size  of  129.5  urn.  The  data  shown  in  figure  12(b) 
were  obtained  while  introducing  an  additional  sp  ay  in  the  beam  paths  around  the  mono- 
disperse  droplet  stream.  These  results  are  enco  iraging  but  further  tests  are  planned  to 
verify  the  technique  with  a  variety  of  spray  den  ities  and  a  variety  of  spray  droplet 
size  distributions. 

MEASUREMENT  CF  SPRAY  COMBI  STION  PARAMETERS 

Historically,  the  precise  measurement  of  spra  '  combustion  parameters  has  been  pre¬ 
cluded  because  of  the  lack  of  appropriate  instrum  ntation  techniques.  However,  with  the 
recent  development  of  the  interferometric  systems  described  above  plus  other  laser-based 
diagnostics,  fruitful  experimental  research  on  spray  flames  now  appears  possible.  As  a 
result  LeRC  has  established  a  grant  with  the  Gas  Dynamics  Research  Division  of  the  Uni¬ 
versity  of  Tennessee  Space  Institute  (UTSI)  to  utilize  modern  laser  diagnostic  techni¬ 
ques  in  making  measurements  of  parameters  in  a  relatively  simple  steady  spray  combustion 
process.  The  principal  investigators  for  this  project  are  Dr.  Carroll  Peters  and  Dr. 
Michael  Farmer  who  have  extensive  experience  in  fluid  mechanics  and  non-intrusive  las 
instrumentation.  This  three  year  esearch  effort  has  two  objectives.  First,  to  develop 


well  established  procedures  for  making  measurements  in  a  typical  spray  combustion  envir¬ 
onment  and  for  acquiring,  processing,  displaying  and  interpreting  the  voluminous  data 
that  are  produced  by  the  modern  instrumentation  systems.  Second,  to  produce  accurate 
experimental  information  that  elucidates  the  fundamental  mechanisms  in  spray  combustion 
and  that  can  be  used  to  validate  and  refine  analytical  models  of  spray  combustion.  The 
techniques  developed  above,  including  specialized  microcomputer  hardware  and  software, 
will  be  applicable  to  the  NASA  LeRC  Fuel  Spray  Diagnostics  Program  described  above. 

Experimental  Apparatus 

The  exneriments  will  be  conducted  with  the  specially  designed  coaxial  free  jet  ap¬ 
paratus  shown  schematically  in  Figure  13.  The  central  droplet-air  jet  will  be  the  ex¬ 
haust  from  a  plain-jet  atomizer  of  the  type  investigated  by  Lorenzetto  and  Lefebvre, 
reference  11.  The  diameter  of  the  central  nozzle  will  be  about  1.3  cm,  and  the  air- 
liquid  massflow  ratio  will  be  about  five.  Therefore,  for  typical  hydrocarbon  fuel,  the 
equivalence  ratio  of  the  central  jet  will  be  about  three.  For  typical  fuel  properties, 
the  central-jet  atomizer  will  produce  a  Sauter  mean  diameter  (SMD)  of  60-70  i.  m  at  a 
nominal  jet  air  velocity  of  100  m/s. 

The  outer  air  flow  will  be  varied,  from  velocities  of  zero  to  about  20  m/s.  A  re¬ 
circulation  zone  will  form  at  the  blunt  base  of  the  center  body  (about  5  cm  in  dia¬ 
meter).  For  the  combustion  experiments,  an  igniter  will  be  inserted  into  the  recircula¬ 
tion  region,  which  will  be  a  flameholder  for  the  spray  flame. 

The  axisymmetric  freejet  apparatus  was  selected  for  two  reasons.  First,  the  appara¬ 
tus  provides  the  major  features  of  typical  spray  combustion  processes  without  the  com¬ 
plexity  of  three-dimensional  geometry.  Second,  the  freejet  configuration  provides  opti¬ 
cal  access  to  the  entire  flowfield. 

Program  Approach 

After  shakedown  and  calibration  of  the  freejet  apparatus,  a  series  of  droplet  cloud 
experiments,  without  combustion,  will  be  conducted.  Measurements  of  the  gas-phase  velo¬ 
city  and  turbulence  field  will  be  made  with  a  two-component  laser  velocimetry  system. 
Measurement  of  the  droplet  cloud  parameters  produced  by  the  plain-jet  atomizer  will  be 
made  with  the  UTSI  droplet  sizing  interferometer.  Analytical  studies  of  spray  cloud 
dynamics  will  be  carried  out  to  aid  in  the  interpretation  of  the  results  and  to  assess  the 
dynamic  interactions  between  the  droplet  cloud  and  the  turbulent  gaseous  medium. 

The  freejet  combustion  apparatus  will  then  be  operated  with  an  ignited  spray  of  pure 
hydrocarbon  fuel.  Gas  phase  and  droplet  cloud  parameters  will  be  measured  as  above. 
Temperature  and  number  density  of  major  gaseous  species  in  the  hydrocarbon  spray  flame 
will  be  measured  with  a  laser  Raman  system.  A  large  number  of  measurements  of  the  in¬ 
stantaneous  properties  will  be  made  at  each  of  many  spatial  stations  in  the  spray  flame 
in  order  to  adequately  define  the  statistical  properties  of  the  entire  temperature  and 
species  field. 

To  date  the  coaxial  freejet  apparatus  is  being  fabricated  and  the  test  facility  built 
up.  Initial  experiments  will  be  conducted  in  the  fall  of  1983.  The  initial  and  boundary 
conditions  of  the  combustion  experiments  will  be  carefully  defined  so  that  the  results 
can  be  used  to  evaluate  systematically  various  aspects  of  the  available  numer  (cal 
models  of  the  spray  combustion  process. 

Clearly,  there  is  a  need  for  careful  experiments  on  the  interaction  between  the  dy¬ 
namics  of  a  cloud  of  droplets  and  the  dynamics  of  the  turbulent  gaseous  medium  within  the 
droplet  cloud.  Our  goal  is  to  produce  a  well-defined  and  well-controlled  experiment  that 
can  be  used  for  validation  and  refinement  of  numerical  models  of  the  entire  spray 
combustion  process. 


CONCLUDING  REMARKS 

The  advanced  laser  light  scatter  interferometry  techniques  described  in  this  report 
show  promise  of  providing  improved  capabilities  for  obtaining  droplet  size  measurements 
and  droplet  velocity  data  in  dense  fuel  sprays.  Results  to  date  have  demonstrated  that 
these  techniques  can  be  successfully  applied  to  yield  valuable  data  which  are  useful  in 
modeling  of  combustion  flow  characteristics  and  dynamics.  Fuel  spray  characterization, 
turbulence  studies,  and  fuel-air  reaction  studies  are  highly  important  for  predicting 
combustion  performance.  These  research  and  development  efforts  are  expected  to  provide  a 
fundamental  data  base  for  turbulence  model  development  and  for  an  improved  combustor 
design  system. 
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TABLE  I.  -  FUEL  SPRAY  DIAGNOSTICS  PROGRAM 


Experiment  description 


•  Spray  characterization-H20 

-Various  nozzle  types 
-Pressure  differential  effects 

Size  and  velocity  distribution 
-Several  sampling  planes 

•  Turbulence  studies  -  seeded 

-Various  air  swirler  conf igurations 
-Vane  angle  effects 
-Airflow  splits 

•  Fuel-air  reaction  studies 

-Various  equivalence  ratios 
-Fuel  property  effects 
-Measure  turbulence  intensity 


Figure  1.  -  Combustion  tundamentals  program  at  NASA  Lewis  Research 
Center  is  divided  into  (our  major  subject  areas;  fuel  spreys,  mixing, 
radiation /chemistry,  and  combustion  dynamics. 


fcPfUCAtttOM 


Figure!  -  Combustion  fundamentals  research  has  long  range  objec¬ 
tives  to  produce  predictive  analytic  computer  codes  that  have  practi¬ 
cal  application  in  engine  manufacturer-  s  combustion  design  system. 


Figure  3.  -  Photograph  of  the  existing  two-component  Droplet  Sizing 
Interferometer  (NASA  leRC). 


BEAM  EXPANDER 
TRANSMITTING  SYSTEM 

Figure  4.  -  System  diagram  of  optical  configuration  for  droplet  sizing  interferometer. 
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number  of  FRINGES, 
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(a|  Formation  of  fringes  In  the  prote  volume. 

Figure  5.  -  Droplet  sizing  interferometer  optics  and  signal  processing. 
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- ^  I  (a)  Spray  going  through  the  fringes  (dl  Doppler  burst  signal  with  the 

produced  at  the  crossing  point  of  intensity  limits, 
b)  Doppler  burst  signal  with  the  Doppler  and  pedestal  components.  two  laser  beams. 

Figure  5  -  Concluded  ftsW*  '  Schematic  representation  of  the  visibility/intensity  technique 
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Figure  7,  -  Optical  configuration,  probe  volume  and  Doppler  burst 
signal  as  described  by  the  intensity  maximum  technique. 
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(»)  Visiftflity  or  v/f  mea¬ 
surements  o<  mono- 
tJtspersed  droplets  with 
undisturbed  laser 
beams. 


(bl  Visibility  measure¬ 
ments  of  monodispersed 
droplets  trlth  dense 
spray  Mocking  the 
laser  beams  before 
crossing. 


(cT  VIsibitIty/intensity 
measurements  ot 
monodispersed  drop¬ 
lets  with  dense  spray 
blocking  the  laser 
beams  before  crossing. 


Figure  &,  -  Sire  distribution  of  a  monodispersed  string  of  droplets  using  the  visibility 
and  visibility/intensity  techniques. 


{a)  Jntensity/maximum 
measurements  of  mono¬ 
dispersed  droplets  with 
undisturbed  laser  beams. 


(b>  intensity/ maximum 
measurements  of  mono¬ 
dispersed  droplets  with 
dense  spray  blocking 
the  laser  beams  before 
crossing. 


Figure  9.  -  Size  distribution  of  a  manodispersed  string  of 
droplets  using  the  intensity/maximum  technique. 
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FHmCE  PAHERN 

Figure  la  -  Schematic  representation  of  phase  (tetectlon  optical  system  with  photograph  of  scattered  Interference  fringes. 
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DROPLET  DIAMETER  FRINGE  SPACING  d6 


Figure  11.  -  Relationship  of  measured  phase  difference 
with  nondiraensional  size  ratio;  experimental  data 
compared  to  theoretical  predictions. 


B-LSiZE;  129. 5  microns 
MEAN  SIZE:  125.9  microns 
FRINGE  SPACWG  ■  26.02  microns 
SAMPLES  •  500 

(a)  Sample  of  data  from  measurements  of  a  monodispersed 
droplet  stream  without  beam  interference. 


B-LSIZE;  129.5  microns 
MEAN  SIZE:  1Z2. 3  microns 
FRINGE  SPACING  ■  26  02  microns 
SAMPLES  •  2092 

(b)  Sample  of  data  from  measurements  of  a  monodlspirsed 
droplet  stream  with  additional  spray  Introduced  in  ihe 
beam  paths. 

Figure  12.  -  Size  distribution  of  a  monodispersed  string 
of  droplets  using  the  phase  detection  technique. 
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Figure  13,  -  Schemalic  of  co-axial  free  jet  apparatus  which  wilt  Be  used  to  produf”  a  benchmark  spaa^  combustion  experiment  for  application  of 
modern  laser  diagnostic  techniques. 


DISCUSSION 


H.Low,  UK 

Have  you  any  experience  with  the  visibility  technique  in  combusting  environments?  | 

Author’s  Reply  ' 

We  have  not  done  any  visibility  measvirements  in  a  reacting  environment  to  date.  Our  in-house  laboratory  program 

will  make  measurements  in  a  spray  flame  after  we  have  acquired  the  experience  and  confidence  with  the  techniques  U 

in  more  simple  ilowfields.  Also,  the  grant  with  University  of  Tennessee  Space  Institute  will  also  look  at  a  reacting  I 

free-jet  flow,  but  only  after  measurements  at  non-burning  conditions.  f 
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DROPLET  IZE  DISTRIBUTION  AND  LIQUID  VOLUME  CONCENTRATION 
IN  A  WATER  SPRAY:  PREDICTIONS  AND  MEASUREMENTS 

Gabriel  P.  Pita 
Instituto  Superior  Tecnico 
Dep.  Engenharia  Mecanica 
1096  Lisbon 
Portugal 

AD-P003  141 

SUMMARY 

^  A  water  spray,  from  a  twin-fluid  atomizer,  was  studied  at  different  air  temperature  and  at  atmospheric 
pressure. 

The  Sauter  Mean  Diameter,  droplet  volume  distribution  were  measured  at  four  different 

distances  from  the  injector. 

An  optical  method  was  used  to  measure  droplet  sizes. 

Predictions  of  the  Sauter  Mean  Diameter,  liquid  volume  concentration  and  droplet  size  distribution  vt-re 
also  evaluated.  The  influence  of  the  air  velocity,  air  temperature  and  of  the  water  flow  rate  in  the  spray 
S.M.D.  and  in  the  liquid  volume  concentration  at  different  distances  from  the  injector  have  been  measured. 
The  predictions  showed  good  agreement  with  experimental  results. 


NOMENCUTURE 

A  -  Droplet  surface  area 

Cp  -  Specific  heat  of  droplet  liquid 

-  Liquid  volume  concentration 

”  Spray  Sauter  Mean  Diameter  (S.M.D.) 
h  •“  Heat  transfer  coefficient 

-  Latent  heat  of  vaporization 
M  -  Droplet  mass 

-  Prandcl  number 

R  -  Droplet  radius 

R^  -  Droplet  Reynolds  number,  Re  = - — 

T^  -  Air  temperature 

T^  -  Droplet  temperature 

.  -  Relative  velocity  of  the  droplet  to  the  mean  stream 

p,U  -  Gas  properties  evaluated  a  film  temperature  =  ('- - ) 

2 

pj  -  Liquid  density 


1.  INTRODUCTION 

Knowing  the  behavior  of  an  evaporating  liquid  droplet  is  essential  to  the  understanding  and  prediction 
of  the  performance  of  the  spray. 

The  behavior  of  the  liquid  fuel  spray  plays  an  important  role  in  the  combustion  efficiency  and  in  the 
production  of  the  pollutants  in  combustion  chambers. 

Theoretical  studies  of  evaporati  ,  sprays  have  been  carried  out  by  several  authors  ; 1 ,2 ,3 ,4 ,5 ,9 | , 
however  their  validation  with  experimental  data  has  not  often  been  attempted,  mainly  due  to  the  difficulty 
in  getting  experimental  results. 

The  present  work  includes  a  theoretical  analysis  of  the  evolution  of  a  water  spray,  given  an  initial 
measured  droplet  distribution,  characterised  by  a  modified  Rink  distribution  function  [Sl,  and  a  comparison 
of  the  predicted  values  with  the  measured  ones  at  three  different  downstream  locations  along  the  spray  axis. 
The  droplet  distribution  has  been  divided  into  a  discrete  number  of  size  groups  with  single  droplet 
equations  applied  lu  each  one  of  them.  Tlie  droplet  size  measurements  were  made  using  an  optical  technique, 
based  on  the  diffraction  pattern  formed  when  the  droplets  are  illuminated  by  a  parallel  beam  of 
monochromatic,  coherent  light  j7,9,lll. 


2.  THEORY 

The  assumptions  used  where  the  following 
1:  Droplet  with  spherical  symmetry 


;..ir  j  i  s  t lie  t  wt.-L-n  dr'.>p  lots 
i'hvsical  proportion  varyiii^,  with  temperaturo 
constant  prossuro 
nitorrii  droplet  toT.poratviro 
No  r.'uli  at  it'll  [joat  trai7Sl’or 


l.\  l)r>.>piot  lioat  baianoc- 

riio  tioac  !>alanoo  of  a  droplet  exposo(i  to  a  hot  onvi  ronment  is  expressed  by  the  equation: 

h  A  (T  -T,)=M.(;  .  ♦  11-  III 

'  P  dt  ’«dt 

The  convoctod  heat  is  equal  to  the  increase  of  internal  «noro,y  plus  tiu-  latent  iioat  oi  eapor  i  za  t  i  t'n . 

In  the  first  period  oi  the  droplet  life  the  vaporization  rate  dM/dt  is  striall  ..omparod  witii  the  in.roasi 
in  internal  energy,  so  it  can  be  assumed  that  the  convected  heat  is  equal  to  the  increase  in  internal 
energy  of  tlio  droplet.  Ulien  the  droplet  temperature  reaches  the  equilibrium  vaporization  temperature,  th.e 
romperature  remains  constant  {dTd/dt=0)  and  the  rate  of  heat  transmission  determine  the  vaporization  rate 
.-•f  the  droplet.  As  the  air  temperature  is  much  greater  than  the  droplet  boiliing  comperacure.  Che 
equilibrium  temperature  is  the  boiliing  temperature  at  ambient  pressure. 

From  equation  (1),  the  droplet  heating  time  is  given  by: 

T  -  T,  M.t: 

t.  .  __p 


-  Droplet  temperature  at  the  beginning 

-  Droplet  temperature  at  the  instant  t 

and  the  evaporation  rate  is 


£n(l  ♦  B) 


Where  B  is  Spalding  mass  transfer  number  defined  as 


C  (T  -T.) 
p  »  d 


For  the  evaluation  of  the  heat  transmission  coefficient  h  the  empirical  expression  from  Ranz  and 
Marshall,  which  applies  a  convection  correction,  was  used 

=  2.0,6  (4) 

k 

The  heat  transmission,  to  the  droplet,  is  a  fu.'ction  of  the  Reynolds  number,  it  increases  with  the 
velocity  as  well  as  with  the  droplet  diameter,  so  a  drag  factor  roust  be  evaluated  and  used  to  calculate 
the  change  of  the  droplet  Reynolds  number  with  time. 

2,2  Droplet  equation  of  motion 

The  droplet  motion  equation  is: 

R^-  source  term,  includes  the  gravity  forces  and  others,  neglected  in  this  case 
Cj-  is  the  drag  coefficient,  evaluated  from  the  empirical  relation  proposed  by  Mellor 

C ,  -  28/Re°‘®^  .  0.48, 
d 

To  determine  the  relative  velocity  between  the  .  oplet  and  the  gas  the  initial  conditions  must  be 
known.  The  air  velocity  can  be  evaluated  because  the  mass  flow  and  the  temperature  arc  measured.  The 
droplet  velocity  at  the  beginning  is  not  measvred,  but  the  atomizer  used  in  the  experiments  was  a  twin- 
-fluid  atomizer,  described  in  Is”,  and  the  initial  droplet  velocity  was  assumed  to  be  15%  of  the  mean 
stream  velocity.  As  equation  (5)  shows,  the  droplet  velocity  in  the  control  volume  is  a  function  of  tlie 
droplet  diameter,  so  in  the  measuring  volume  the  dr-  let  concencrat ion  is  a  function  of  the  distance  from 
the  injector.  Figure  I  shows  the  droplet  volume  distributions  in  a  spray  evaluated  at  four  different  axial 
stations.  In  figure  2  tlie  evolution  of  the  relative  droplet  velocity,  for  different  droplet  diameters,  can 
be  seen. 

2.3  Diffracted  Pattern 


With  the  equations  of  motion  and  heat  balance  it  is  possible  to  evaluate  the  droplet  size  distribution 
in  the  control  volume.  Knowing  this  distribution  the  evaluation  of  the  diffracted  light  pattern  from  a 
coherent  light  beam  crossing  the  control  volume,  is  made  using  the  Fraunhofer  theory  Jill.  The  light 
diffracted  by  the  smalle-st  droplets  (D<20  urn),  for  which  this  theory  can  not  be  used,  is  evaluated  using 
the  Mie-theory. 


J.  l-.XPERIMt:NTAL  SET  IT  AND  MKASURF.MKN  I'S 


Figure  !>  shows  ctie  expe  r  i  "n.-nc  a  I  set  up.  In  a  rectangular  channel  (2u  >:  iu  an  air  strearr.  ilows  at 

controlled  temperature  and  velo<-ity.  In  this  flow  a  water  film  is  injected  and  atomization  .'ccurs  hv  the 
sliearing  action  of  the  h  i  f,h  velocity  air  stream  against  the  low  velocity  liquid  film.  The  lengtri  of  the 
ciuannel  can  be  ciuinv-ed  to  allow  the  measurement  of  the  droplet  distribution  and  concent  rat  ion  at  ;h  ur 
different  downstream  distances^  lU,  10,  70,  110  mm.  The  droplet  distribution  and  concent  rat  i  <.>r.  i  s  "u  is  -r-.-: 
with  an  optii'al  method  described  in  7  . 

A  parallel  monoch  romac  i  c  light  bea.m  10  mm  diameter  from  a  5  mW  He.Ne  laser  system,  crosses,  the 
Some  of  the  light  is  diffracted  due  to  the  droplets,  the  diffraction  pattern  depending  on  the  droplet 
size,  A  converging  lens  focuses  the  non  scattered  ligth  in  the  centre  of  a  receiving  plane,  where  a 
photomultiplier  measures  tite  light  intensity.  Measuring  this  value  with  and  without  spray,  enables  tiie 
evaluation  11  of  the  liquid  volume  concentration  Cv ,  based  on  the  transmission  law  for  po  1yd  i  spe r sed 
part i c les . 


F/F0=  exp(  -  3/2K  Cv  7/D^  ,) 

K  -  Mtan  scattering  coefficient 

.  -  Spray  dimension,  crossed  by  Che  laser  beam  (see  fig.  3) 

Around  tlie  focus  of  the  same  converging  lens  a  pattern  of  rings  of  the  diffracced  ligth  is  formed. 

Nine  concentric  circular  sectors  of  photomultipliers  measure  the  diffracted  liglii  intensity. 

Ten  sample-and“hold  units  were  used  to  garantee  that  an  instantaneous  light  profile  from  the 
photomultipliers  was  obtained.  The  signals  were  digitized  with  an  A/D  converter  and  the  data  was  stored 
in  paper  tape  for  later  processing  in  a  BS  2000  (Siemens)  digital  computer. 

With  this  system,  the  diffracted  light,  which  has  been  shown  to  be  a  function  of  the  droplttt  size 
distribution,  and  the  transmitted  light,  which  is  related  to  Che  liquid  concentration  in  the  spray,  were 
both  measured. 

3.2  Measurements 

Three  sets  of  measurements  have  been  made,  the  first  one  at  ambient  temperature,  one  at  200*^0  and  one 
at  <400°C,  all  at  atmospheric  pressure. 

Tlie  influence  of  the  air  velocity  and  water  flow  rate  in  the  quality  of  the  spray  was  first  studied. 

Figure  4  shows  that  increasing  the  air  velocity,  the  spray  Saucer  Mean  Diameter  decreases,  and 
increasing  the  water  flow  rate  the  Sauter  Mean  Diameter  increases,  but  only  for  the  smaller  air 
velocities  this  parameter  is  important.  With  air  velocity  of  120  m/s  the  change  in  the  water  flow  from  5 
to  20  l/h  has  no  influence  in  the  S.M.D. 

These  results  are  in  good  agreement  with  the  results  of  Mullingcr  and  Chigier  (10), 

The  air  velocity  is  also  important  in  the  liquid  volume  concentration  as  figure  5  shows.  Increasing 
Che  air  velocity  the  liquid  volume  concentration,  measured  at  the  same  distance  (30  mm)  from  the  injector, 
decreases.  The  liquid  concentration  is  proportional  to  the  water  flow  race  and  inversely  proportional  to 
the  air  flow. 

Figure  6  shows  the  influence  of  the  distance  in  the  Sauter  Mean  Diameter  and  in  the  liquid  volume 
concentration  for  an  air  velocity  of  120  ra/s  and  ambient  temperature.  The  S.M.D.  remains  constant  and  the 
liquid  volume  concentration  decreases.  The  same  can  be  observed  in  figures  7  and  8  for  two  other  cases, 
air  velocity  180  and  190  m/s  and  air  temperature  400  and  200  C  respectively  and  water  flow  rates  of  10, 
15,  20  l/h.  in  figure  8  the  predicted  change  in  liquid  concent  rat  ion  with  distance  from  the  injector  is 
also  shown  (solid  lines).  The  predicted  evolution  is  based  on  the  first  measurement  of  each  curve. 

The  liquid  concentration  in  the  control  volume  changes  with  axial  distance  and  with  the  air  flow 
parameters.  This  is  due  to  the  different  droplet  velocities,  the  drag  force  changes  with  the  air  velocity 
and  temperature  and  with  the  droplet  diameter. 

As  figure  7  shows  the  droplet  diameter  does  not  change  with  axial  distance,  no  evaporation  or 
coalescense  occurs.  Predictions  of  the  variation  of  the  droplet  diameter  with  distance  from  injector, 
are  shown  in  figure  9,  evaluated  for  case  B. 

We  can  <^ec  chat  although  case  B  and  C  have  almost  the  same  velocity  the  S..M.D.  ii.  case  C  is  smaller, 
this  being  dvie  to  the  higher  air  temperature  in  case  B  that  causes  a  worse  atomization.  For  the  same 
reason  cases  A  and  B  have  the  same  S.M.D.  although  the  air  velocities  are  quite  different. 

Figure  10  shows  the  measured  and  the  predicted  normalised  light  profiles  for  the  three  different 
experiments  (A,  B,  C),  at  30  mm  from  the  injector. 


Table  I 

Experimental  conditions 


Case 

Air  ve 1 .  (m/s ) 
Air  temp.  (’'C ) 


A 

B 

C 

120 

180 

190 

20 

400 

200 

45 

43 

U 

Table  1  de'-nes  the  parameters  of  experiments  A,  B,  and  tlu»  measured  Sauter  Mean  Hiameter. 


Table  2  contains  Che  measured  and  predicted  values  of  liquid  volume  in  the  control  volume. 

Table  1 

Liquid  volume  variation  in  Che  control  volume  (%) 

Water  flow  rate  10  ■  'li 


dist .  (mm) 

A 

B 

C 

10 

100 

100 

100 

30 

81 

66(74) 

72(72) 

70 

67 

50(47) 

53(54) 

no 

61 

42 (44) 

44(42) 

The  experimental  results. 

( in 

brackets) 

for  a 

water  flow 

of  :0  1/h 

are  in 

good  agreement  with  the 

theoretical  ones. 

Case  B  is  where  the  deviation 

from  predictions 

is  greater 

vsee  fig. 

8)  due 

to  the  higher  temperature 

the  air  stream  that  causes  a  shear  layer  of  two  different  mediums  Co  interfere  with  the  light  beam. 

In  some  cases,  interference  of  the  oscillating  shear  layer  between  the  hot  and  cold  air  was  noticed. 
3.3  Source  of  errors 

As  figure  10  shows,  in  the  first  inner  ring  the  light  intensity  does  not  agree  with  the  prediccion.s . 
This  is  due  to  the  small  radius  of  the  inner  ring  and  the  presence  of  some  scattered  light  even  during 
calibration,  made  without  spray. 

We  have  checked  the  influence  of  the  oscilating  interface  between  the  hot  and  cold  air,  and  it  has 
been  noticed  chat  this  influence  princtpaly  disturbs  Che  first  inner  ring.  It  has  also  been  noticed  that 
this  influence  can  be  minimised  with  glass  windows  in  the  air  channel. 

In  all  the  measurements,  the  first  inner  ringhavenot  been  taken  into  account. 


4,  CONCLUSIONS 

Measurements  of  the  Saucer  Mean  Diameter  of  a  water  spray  from  a  twin-fluid  atomizer  have  been  made, 
for  different  air  temperatures  and  velocities,  using  an  optical  method. 

The  influence  of  the  air  velocity  and  temperature  and  of  Che  water  flow  rate  in  Che  spray  S..M.D.  and 
in  the  liquid  volume  concentration  at  different  distances  from  the  injector  have  been  studied. 

Tlie  results  agree  with  the  predicted  ones  and  with  previous  measurements  made  in  similar  atomizers 

(10,  12). 

Care  must  bo  taken  when  the  light  beam  passes  across  regions  of  varying  density,  as  in  the  case  of 
he.iteci  air  streams  or  flames. 
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DISCUSSION 


P.Ramette,  Fr 

Vous  avez  pr^senti  des  correlations  en  fonction  de  la  vitesse  de  fair  et  du  dibit  du  jet.  Avez-vous  essayi  d’exprimer 
VOS  risultats  en  fonction  de  la  vitesse  relative  du  jet  par  rapport  a  Fair? 

Riponse  d’Auteur 

Non.  Nous  avons  choisi  comme  variables  celles  qui  correspondent  aux  mesures  directes. 
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SUMMARY  - 

Using  large  numbers  of  orifices  in  the  head  of  the  cos^ustor  to  generate  independent  shear  layers 
in  a  co-operative  arrayi  the  so-called  ^pepperpot* concept  was  evolved  to  secure  efficient  combustion  in  a 
weak  primary  zone.  Specific  targets  were  high  efficiency  and  very  low  smoke  at  both  low  and  high  pother 
levels  when  burning  either  kerosine  or  diesel  fuels.  Performance  tests  of  a  pepperpot  desionstrator  com¬ 
bustor  at  representative  conditions  of  idlet  intermediate  and  high  power  using  both  fuels  are  described. 

An  impressive  combustion  performance  has  been  realised  over  the  whole  power  range,  together  with 
excellent  exit  traverse  quality  and  tolerance  to  fuel  type. 


1 .  INTRODUCTION 

There  has  been  mounting  pressure  over  recent  years  to  secure  substantial  improvements  in  gas 
turbine  combustor  performance,  for  %d)ich  at  least  three  reasons  can  be  identified. 

Firstly,  Impending  civil  legislation  concerning  emisaion  levels  require  a  drasiatic  improvestent  in 
combustion  efficiency  at  idle  conditions,  from  typical  levels  of  85*95  per  cent  to  at  least  99  per  cent, 
together  with  reduction  of  smoke  and  control  of  oxides  of  nitrogen.  For  military  applications  the  re¬ 
duction  of  infra-red  and  visible  signatures  associated  with  black  smoke  emissions  and  the  reduction  of 
blue  smoke,  ie  unbumed  fuel  fumes,  under  idling  conditions  is  increasingly  important. 

Secondly,  fuel  specifications  are  changing  to  response  to  international  pressures  on  oil  supplies. 
Such  changes  demand  that  combustors  can  not  only  operate  on  fuels  of  varying  properties  but  can 
sioHjltaneously  contain  emissions  at  a  satisfactory  level.  The  marinisation  of  aero  engines,  has  generally 
required  further  combustor  development  in  order  to  accoonodate  the  change  from  kerosine  (NATO  Code  F35)  to 
distillate  diesel  fuel  (F76).  In  order  to  minimise  develOj^Bent  and  production  costs  the  combustor  should, 
ideally,  have  a  dual  fuel  capability  with  no  significant  deterioration  of  performance. 

Thirdly,  the  objectives  of  lower  operating  and  maintenance  costs  have  been  accorded  increased 
priority;  as  'hot  end*  components  make  a  suijor  contribution  to  maintenance  costs,  the  benefit  to  life 
extension  of  improved  temperature  traverse  has  acquired  greater  significance.  Since  blade  erosion  by 
carbon  particles  and  'coke*  shedding  may  also  be  a  life-limiting  factor,  cleaner  combustion  offers 
distinct  advantages.  Additionally,  reduction  in  combustion  chamber  pressure  loss,  consistent  with  blade 
cooling  requireownts ,  leads  directly  to  improvement  of  specific  fuel  consusiption. 

Several  years  of  research  addressing  these  objectives  has  culminated  in  the  development  of  a  tubo- 
annular  demonstrator  (References  1,2,3)  which  has  became  known  as  the  pepperpot  combustor.  To  date  the 
combustor  development  and  testing  programme  has  fallen  into  three  distinct  phases: 

£.  Prototype  development 

Initially  the  combustor  was  developed  for  the  most  part  at  atmospheric  pressure 
on  an  open-ended  rig.  Extensive  use  was  amide  of  high  speed  colour  cine  photography 
and  lithium  flame  tracing  as  aids  to  discover  the  characteristics  of  combustion 
aerodynamics  and  fuel  distribution. 

ii.  Prototype  demonstration 

In  order  to  investigate  the  most  important  aspects  of  performance  of  this  prototype 
combustor,  rig  tests  over  a  typical  range  of  engine  operating  conditions  using  both 
kerosine  and  diesel  fuels  were  conducted. 

iii.  Pre-production  coi^stor 

As  part  of  an  engine  demonstration  progrmMe,  the  prototype  ceedniator  was  redesigned 
to  an  engine -worthy  engineering  standard  and  subjected  to  a  eemprehanaive  series  of 
rig  tests. 

The  key  aspects  of  the  work  and  soma  performance  indicators  form  the  subject  of  this  ^aper. 

2.  THE  PIPPtRPOT  (XMOSTOR 

The  principal  objective  of  the  pepperpot  concept  ia  the  aehiavement  of  a  high  degree  of  control  over 


the  process  of  fuel/air  mixing  in  the  primary  zone.  Early  vork  had  clearly  demonstrated  the  very  large 
mixing  energy  potential  available  in  the  turbulent  shear  layers  associated  with  jets  of  air  entering  the 
primary  zone  through  the  combustor  head.  Fuel  placed  in  the  appropriate  regions  of  these  jets  would  not 
only  mix  rapidly  with  this  incoming  air  but  would  also  stabilise  and  bum  efficiently.  Furthermore,  it 
appeared  that,  within  limits,  the  greater  the  number  of  auch  jets,  each  sustaining  its  own  combustion 
locally,  the  more  miform  became  the  combustion  process  within  the  primary  zone  as  a  whole  and  the 
sooner  it  was  completed. 

The  chief  feature  of  the  pepperpot  combustor  is  a  cooled,  conical,  combustor  head  constructed  of 
'Transply'  (ref  4)  in  which  a  large  number  of  primary  air  entry  orifices  are  cut  to  provide  a  well’ 
controlled  shear  layer  structure  (see  Figure  1).  Fuel  introduced  into  these  shear  zones,  by  means  of  a 
device  described  as  a  fuel’air  nozzle,  is  entrained  by  the  air  jets  in  a  progressive  manner.  The 
pepperpot  holes  are  arranged  in  rings,  indexed  with  respect  to  one  another  so  that  the  holes  also  lie  on 
slow  spiral  curves  radiating  from  the  centre.  This  spiral  arrangement  is  intended  to  assist  interception 
of  fuel  which  would  otherwise  reach  the  wall  cooling  flow  and  leave  the  combustor  as  unbumed  hydrocarbon. 
The  sizes  of  the  holes  increase  progressively  outwards  in  order  to  satisfy  area’weighting  and  recircula* 
tion  requirements.  Measured  upstream  of  the  secondary  holes,  the  pepperpot  primary  zone  volume  is  about 
half  of  that  of  the  nearly  hemispherical  head  of  the  conventional  Spey  combustor  which  was  used  as  the 
basic  vehicle  on  which  to  test  the  concepts.  The  pepperpot  head  in  fact,  becomes  a  direct  replacement  of 
the  standard  head:  the  existing  duple  atomiser  and  turbine  entry  nozzle  are  however  retained  unchanged. 

The  existing  flam  tube  barrel  was  used  unaltered  in  the  prototype  and  tn.tb  one  minor  modification  in  the 
final  engineering  standard  design  of  the  combustor. 

The  pepperpot  prioMry  zone  is  intended  to  operate  at  air/fuel  ratios  much  %*eaker  than  stoichio’ 
metric  and  with  shorter  residence  tisies  than  conventional  combustors  with  the  specific  aim  of  smoke  re* 
duction  coupled  with  high  efficiency  at  idle  power  levels.  Because  of  the  great  number  of  individual  jet 
systems  generated  by  the  pepperpot  and  the  consequential  small’scale  mixing  of  fuel  and  air,  a  highly 
uniform  tetnperature  profile  is  achieved  upstream  of  the  dilution  zone.  This  has  the  effect  that  the  com* 
bustor  exit  temperature  pattern  factor  is  largely  a  function  of  dilution  zone  aerodynamics  and  wall  cool* 
ing  performance. 

3.  PROTOTYPE  COMBUSTOR  TEST  PROGRAMIE 

The  principal  objective  of  the  prototype  test  prograne  was  to  establish  the  combustor  performance 
in  terms  of  combustion  efficiency,  emissions  levels,  combustor  exit  temperature  distribution,  weak  combus* 
tion  limits  and  mechanical  integrity.  These  measuresmnts  were  therefore  taken  at  selected  operating  con* 
ditions  of  combustor  inlet  testperature  and  pressure.  This  encaaq>assed  the  full  range  of  marine  and  low 
altitude  aero  engine  operating  conditions  typical  of  the  Spey  engine. 

The  teste  were  arranged  to  include  direct  comparisons  of  the  performance  of  the  combustor  burning 
keros ine  and  diesel  fuels. 

Some  additional  testing  was  also  conducted  to  exasdne  the  consequences  of  increasing  combustor 
loading  and  further  prioMry  zone  weakening  by  the  expedient  method  of  blanking  off  the  dilution  air  holes, 
thus  increasing  primary  zone  air/fuel  ratio  by  approximately  40  per  cent. 

The  progrannie  was  planned  to  be  conducted  in  two  phases:* 

i.  The  first  using  kerosine  fuel  only  at  idle  and  at  simulated  high  power 

in  order  to  allow  a  quick  assessment  of  the  potentialities  of  the  combustor. 

ii.  The  second  phase,  which  was  conditional  upon  the  success  of  the  first, 

entailed  retesting  at  idle  with  both  fuels  and  testing  performance  at  the 
true  pressures  and  tesiperacuras  which  correspond  to  high  power  operation. 

4.  FURTHER  DETAILS 

Idle  tests 


The  combustor  was  tested  at  aero  idle  conditions  (7  per  cent  thrust)  over  a  range  of  overall  com* 
bustor  air  fuel  ratios  using  kerosine  fuel.  Tests  were  also  made  at  marine  idle  conditions  at  fixed  air 
fuel  ratios  using  both  kerosine  and  diesel  fuels. 

Simulated  high  power  tests 

In  these  testa  the  combustor  was  operated  at  the  correct  air  inlet  temperature  and  air  fuel  ratio 
but  at  a  reduced  pressure  of  820  kPa.  Kerosine  fuel  only  was  used  for  both  the  simulated  aero  and  marine 
high  power  conditions. 

Actual  high  power  tests 

The  combustor  was  run  at  marine  high  power  conditions  using  both  fuels.  As  an  addition  to  the  original 
prograMS,  tests  at  a  condition  representing  an  uprating  of  the  marine  engine  were  also  made  using  diesel 
fuel. 


Finally,  tests  were  conducted  at  the  aero  full*power  condition  using  kerosine  fuel. 


5. 


TEST  RESULTS 


Presentation  of  the  results 


A  sussnary  of  salient  results  for  tests  relating  to  the  prototype  pepperpot  combustor  is  presented 
in  Tables  I  and  11.  The  first  contains  performance  data  obtained  at  idling  conditions,  the  second  gives 
results  of  the  measurements  at  the  high  power  conditions. 

The  following  section  (6)  highlights  the  main  aspects  of  the  results  and  outlines  some  of  the 
conclusions  which  have  been  drawn  so  far. 

6.  COMBUSTION  PERFORMANCE 

Combustion  efficiency 

Levels  of  efficiency  at  idle  loading  for  both  aero  and  marine  conditions  were  above  99  per  cent 
up  to  about  110  air  fuel  ratio,  not  falling  below  98  per  cent  until  ISO  air  fuel  ratio  was  exceeded. 
Although  measured  values  were  marginally  higher  for  diesel  than  for  kerosine,  it  is  probable  that 
differences  found  are  no  more  significant  than  rig-to-rig  and  run-to-run  variations  normally  to  be 
expected. 

Figure  2  shows  the  behaviour  of  comlxjstion  efficiency  with  change  of  air  fuel  ratio  at  aero  idle 
conditions. 

At  simulated  and  true  high  power  for  both  aero  and  marine  conditions,  lAiether  on  kerosine  or 
diesel,  combustion  efficiency  exceeded  99.9  per  cent. 

Smoke 


Both  SAE  (AlAA)  and  Bacharach  smoke  measurements  were  made  for  the  high  pofwr  tests,  however  only 
Bacharach  measurements  were  made  at  low  power.  In  view  of  the  superior  precision  of  Che  Bacharach 
technique  at  low  smoke  levels  the  Bacharach  smoke  readings  have  been  converted  to  SAE  smoke  numbers  via 
a  standard  correlation  graph  for  each  test. 

The  inferred  SAE  smoke  data  so  obtained  are,  in  all  cases,  sosKwhat  higher  than  the  actual  SAE 
measurements.  The  scatter  amongst  results  is  however  significantly  reduced. 

Using  both  kerosine  and  diesel  fuels,  measured  levels  at  all  operating  conditions  were  exception¬ 
ally  low  (Tables  I  and  II):  at  idling  conditions,  recorded  values  were  too  low  to  be  determined  satis¬ 
factorily. 

Oxides  of  nitrogen 


NOjc  emissions  results  are  displayed  in  Figure  3  in  co^arison  with  the  mean  correlation  curve  of 
Reference  5  for  engine  measurements.  The  data  obtained  at  82S  kPa  have  been  corrected  by  the  ratio 
^^Crue^^simul)”*^'  evident  that  there  was  considerable  scatter  of  results  which  was  not  reduced 

significantly  by  hiaidity  corrections.  Within  the  limits  of  scatter  it  appears  that  the  weaker  primary 
zone  tests,  achieved  by  the  blanking  of  the  dilution  holes  showed  useful  reductions  of  NO,  whereas  the 
standard  combustor  performance  was  comparable  with  that  of  c 'nventional  combustors.  Additional  data  from 
tests  on  a  preproduction  combustor  (see  section  7),  all  at  co.-rect  pressures,  is  also  shown  in  Figure  3. 

Temperature  traverse  quality 

Although  the  pepperpot  combustor  consists  of  a  new  combustor  head  fitted  to  an  existing  standard 
flame  tube  barrel  all  results  show  substantial  improvements  in  traverse  quality  arising  from  the  use  of 
the  new  primary  zone. 

Simulated  and  true  marine  high  power  testa  gave  almost  identical  pattern  factors  of  25.1  and  24.1 
per  cent  OTDFr,  9.3  and  8.3  per  cent  RTDF^  respectively  idiere  these  tests  also  include  a  change  of  fuel 
type.  The  uprated  marine  test  gave  17.5  per  cent  OTDF  and  10.1  per  cent  RTDF.  Sizmlated  aero  and  true 
aero  high  power  gave  pattern  factors  of  20.7  and  15.7  per  cent  OTDF,  8.4  and  10.9  per  cent  RTDF 
respectively. 

Reduced  data  are  given  in  Tables  I  and  II. 


Mechanical  integrity 

The  main  objectives  of  this  work  were  essentially  aimed  at  demonstrating  the  advantages  of  small- 
scale  primary  zone  mixing.  The  relatively  simile  engineering  modifications  which  were  made  to  incorporate 
the  pepperpot  head  into  a  standard  combustor  ware  not,  therefore,  intended  as  a  definitive  design  change. 
In  spite  of  this  the  owchanical  integrity  of  the  combustor  suffered  little  from  the  substantial  departure 
in  primary  zone  acro/themodynamie  behaviour. 


At  the  high  power  conditions  the  coabustor  head  itself  attained  teaperatures  which  are  considered 
to  be  marginally  high  for  long  life.  However  the  first  and,  to  a  lesser  extent,  the  second  rings  of  the 
combustor  barrel  readied  excessive  temperatures,  in  well-definad  areas,  and  showed  signs  of  thermal  dis¬ 
tress  at  the  conclusion  of  the  prograzem.  The  inner  rims  of  the  secondaxy  air  chutes  also  showed  evident 
signs  of  thermal  damage.  (Subsequent  development  testing  however  has  shown  the  route  to  control  these 
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high  metal  temperatures.  This  is  outlined  in  section  7  dealing  with  the  further  development  of  the 
prototype . ) 

No  significant  signs  of  accumulating  carbon  deposit  were  found  at  any  condition.  However, 
there  was  some  slight  staining  of  the  fuelling  tube  and  several  small  stains  on  the  pepperpot  surface. 

Influence  of  fuel  type 

Tests  were  performed  at  marine  idle  and  true  high  power  to  compare  directly  performance  obtained 
on  kerosine  and  diesel.  Tables  I  and  II  show  that  there  was  no  significant  difference  of  performance 
between  them.  The  limited  scatter  of  results  is  no  greater  than  might  be  expected  to  be  generated  by 
rig“to-rig  and  run-to-run  variations.  There  was  no  detectable  effect  of  fuel  type  on  liner  temperature. 

Effects  of  closing  the  dilution  holes 

The  results  of  these  tests,  which  are  not  tabulated,  are  as  follows: 

Blanking  off  the  dilution  jets  eliminated  the  do%m8tream  mixing  mechanisms  entirely  and 
simultaneously  weakened  the  primary  zone  by  40  per  cent  to  50  per  cent  thereby  increasing  its  air  loading 
in  proportion.  At  825  kPa,  this  modification  improved  combustion  efficiency  whilst  reducing  the  NOx 
emissions  levels  significantly  for  simulated  aero  hi^  power  conditions,  but  incurred  a  marked  (3  per 
cent  to  4  per  cent)  fall-off  in  efficiency  at  idle  air  loading  level. 

At  the  simulated  high  power  condition,  there  was  a  considerable  deterioration  of  temperature 
traverse  quality,  with  increase  in  OTDF  from  21  per  cent  to  53  per  cent  and  in  RTDF  from  8.4  per  cent 
to  27.5  per  cent.  This  retrogression  can  be  attributed  for  the  most  part  to  persistence,  as  far  as  the 
plane  of  measurement,  of  wall  cooling  (about  40  per  cent  of  total  airflow)  surrounding  the  hot  central 
flow. 


Combustor  metal  temperatures  were  significantly  lower  for  this  version  of  pepperpot  compared  with 
the  standard  model. 

Whilst  noting  potential  gains  to  be  achieved  by  re-scheduling  wall  cooling  and  dilution  flows, 
which  would  be  essential  in  order  to  counter  Che  adverse  effects  on  efficiency  and  traverse  quality,  it 
was  decided  Co  select  only  the  standard  combustor  with  Che  normal  dilution  system  for  further  testing. 

7.  PRE-PRODUCTION  COMBUSTOR  EVALUATION 

Modifications  to  prototype  combustor 

As  a  pre-requisite  Co  an  engine  demonstration  of  pepperpot  combustors  in  a  Marine  Spey  engine,  Co 
be  conducted  by  Rolls-Royce,  ic  was  considered  Co  be  essential  that  Che  local  overheating  problems  be 
solved  along  with  various  mechanical  improvements  and  an  improved  ignition  system  be  developed. 

Considerations  of  the  overheating  patterns  adjacent  to  the  secondary  air  chutes  suggested  the 
existence  of  horseshoe  vortices  generated  by  Che  interaction  of  high  velocity  wall  cooliitg  air  with  the 
chutes.  Indeed  subsequent  water  analogy  simulation  demonstrated  dynamics  compatible  with  thia  theory. 
These  vortices,  attached  to  the  secondary  air  chutes  and  lying  along  Che  combustor  wall,  offer  both 
stable  aerodynamics  for  flame  stabilisation  and  regimes  of  enhanced  heat  transfer.  This  evaluation  was 
supported  by  test  results  in  which  it  was  found  that  the  overheating  was  in  fact  reduced  by  a  local  re¬ 
duction  of  wall  cooling  flow  in  line  with  the  secondary  air  chutes  and  also  by  the  removal  of  the  chutes 
themselves.  It  appeared  that  the  influence  of  the  chutes  was  dominant  and,  since  they  were  subject  to 
overheating  and  since  their  removal  produced  no  detectable  change  in  perfonsance,  Che  local  wall  cool¬ 
ing  was  restored  and  the  chutes  deleted.  After  these  modifications  re-testing  has  demonstrated  that  com¬ 
bustor  metal  temperacurea,  including  those  of  the  pepperpot  head,  are  acceptable. 

Ignition 

Under  MOD  contract  Lucas  Aerospace  have  developed  a  combined  apray/igniter  torch.  Thia  unit  has 
secured  an  excellent  combustor  ignition  loop  (Figure  4)  distributed  around  the  weakest  practicable  engine 
fuel  air  ratio  characteristic.  The  torch/igniter  is  required  in  two  of  the  ten  combustors  chat  make  up 
an  engine  set. 

Combustion  weak  limit 


The  actual  weak  limit  air  fuel  ratio  of  the  combustor  has  not  been  measured  on  a  routine  basis. 
However  testa  have  desuMiatrated  stable  idling  combustion  at  air/fuel  ratios  in  excess  of  200/1  at  which 
conditions  combustion  efficiencies  in  the  region  of  96  per  cent  were  still  being  achieved. 

Other  Combustion  Peremeters 


Subsequent  rig  teats  of  tha  pre-production  atenderd  of  pepperpot  combustor  have  deSMinetreCed  thet 
the  perfozmence  of  the  prototype  es  described  hea  been  meinteined  in  all  respects  and  chat  wall  tem- 
peraCurea  are  now  acceptable. 
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CONCLUSIONS 
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i.  The  work»  so  far,  has  shown  that  the  new  pepperpot  concept*  in  which  fuel 
and  air  mixing  is  achieved  at  a  much  finer  scale  than  in  conventional 
combustors*  offers  substantial  all-round  improvements  in  combustion 
performance . 

ii.  The  combustor  has  shown  a  remarkable  tolerance  to  fuel  type  in  the  range 
of  keroslne  to,  the  more  difficult  to  burn,  distillate  diesel  fuel  and 
no  noticeable  change  in  the  measured  performance  parameters  has  been 
recorded  throughout  the  development  progranane. 

iii.  Vlhilst  showing  substantial  improvements  in  smoke  and  efficiency  the 

combustor  in  its  present  form  does  not  offer  any  significant  reductions 
in  NOx,  however  tests  have  shown  a  line  of  research  which  might  fruit¬ 
fully  be  pursued.  Such  an  approach  would  however  require  a  radical  re¬ 
balance  of  primary,  dilution  and  cooling  flows  tn.thin  the  combustor. 

iv.  In  a  programme  of  work  designed  to  transform  the  prototype  combustor  to 
a  unit  whose  engineering  standard  is  matched  to  the  requirements  for 
engine  testing  no  major  difficulties  have  been  encountered:  experience 
so  far  leads  to  an  impression  that,  in  relation  to  conventional,  large 
scale  recirculation  systems,  the  concept  is  fundamentally  less  sensitive 
to  small  engineering  modifications  which  are  so  much  a  part  of  combus¬ 
tion  development  programmes. 
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lOlITION  LOOP  WITH  TORCH  IGNITER 


DISCUSSION 


R.Wood 

Has  this  combustor  been  run  on  gaseous  fuel?  If  not,  do  you  see  any  problems? 

Author's  Reply 

This  combustor  has  not  been  run  using  gaseous  fuels.  However,  1  see  no  reason  why  the  combustor  should  not  be 
operated  using  a  gaseous  fuel.  It  is  possible  that  staged  injection  may  be  necessary  if  the  combustor  is  very  large. 


P.Sampath,  Ca 

Was  there  a  difference  in  liner  metal  temperature  between  kerosene  and  diesel  (with  the  new  combustor)? 

Author’s  Reply 

Within  the  fairly  coarse  temperature  intervals  given  by  thermal  paints  there  was  not.  Certainly  however  the  extent, 
gradients  and  exact  areas  of  hot  spots/ cool  areas  can  change  somewhat  with  change  of  fuel. 


P.Ramette,  Fr 

Pour  des  conditions  d’utilisation  maritime,  au  ralenti  avec  du  kerosene,  vous  avez  obtenu  un  nombre  de  fum^e  de 
0,0.  Ce  nombre  peut-il  vraiment  etre  si  faible? 

Author’s  Reply 

The  measurement  technique  is  having  a  great  deal  of  trouble  for  small  smoke  number.  When  smoke  is  very  low,  the 
difference  for  the  filter  with  a  clean  paper  is  unreadable. 


B.Simon,  Ge 

1  have  a  question  concerning  the  lean  stability  limit.  In  Figure  4  you  gave  a  value  of  AFR  =  100,  while  in  your 
last  table  the  value  is  250. 

Author’s  Reply 

The  weak  limit  in  Figure  4  relates  to  combustor  operation  at  atmospheric  pressure  and  with  air  and  fuel  temperatures 
between  10-20°C.  The  weak  limit  which  we  measure  for  specification  purposes  is  measured  at  idling  conditions, 
i.e.  pressure  ratio  of  approximately  2.7  and  air  temperature  of  approximately  410°K. 


D.  Kretschmer 

( 1 )  Did  you  do  any  flow  visualization? 

(2)  It  seems  to  me  that  you  broke  up  the  primary  zone  into  a  multitude  of  mini-primary  zones.  You  had  very 
good  success  with  what  seems  to  me  a  mismatch  between  fuel-supply  and  these  many  burning  zones.  Have  you 
considered  a  fuel  supply  system  better  fitted  to  the  flow  pattern? 

Author’s  Reply 

( 1 )  Yes,  we  had  water  analogy  work  done  for  us  by  Lucas  Aerospace.  We  also  used  a  lithium  flame  tracer  in  the 
operating  combustor. 

(2)  The  mushroom  vaporizer  has  served  us  well;  however  I  have  commented  on  its  deficiencies  for  some  purposes 
such  as  in  the  areas  of  ignition  and  NO^  production.  It  is  certainly  our  intention  to  experiment  with  air  blast 
atomizers.  I  would  not  say  that  there  is  a  mismatch  between  the  fuel  supply  and  the  mode  of  operation  of 
the  combustor.  Each  jet  in  the  cooperative  array  entrains  a  quantity  of  vaporized  fuel  proportional  to  its 
designed  capability  and  this  fuel  then  bums  in  the  shear  layer  of  the  jet.  The  jet  is  simultaneously  entraining 
hot  burned  products  from  slightly  further  downstream  which  provides  the  recirculation  flow  necessary  to 
stabilize  combustion.  This  entrainment  is  again  proportional  to  its  designed  capacity.  The  mini-primary  zones 
are  therefore  the  jet  shear  layers  themselves. 
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SUMMARf  , 

^  Soot  measurements  in  laminar  and  turbulent  diffusion  flames  are  reviewed.  In  laminar 
flaroesj  soot  particles  have  high  formation  rates  near  the  reaction  zone  and  growth  takes 
place  in  the  fuel  rich  interior.  Optical  methods  have  revealed  the  regions  of  these  separate 
processes  with  good  spatial  resolution. 

Sampling  and  optical  techniques  have  been  applied  to  turbulent  flames  to  determine 
parametric  influences  upon  soot  formation  and  burnout  rates.  Recent  experimental  evidence 
indicates  that  formation  rates  can  be  mixing  or  chemically  controlled.  Burnout  rates  are 
additionally  very  influenced  by  temperature.  Under  simple  conditions  the  smoking  propen¬ 
sity  of  a  flame  may  be  determined  only  by  the  temperature  near  the  tip. 

INTRODUCTION 


The  objectives  of  this  article  is  to  review  the  understanding  of  soot  formation  and 
burnout  processes  in  laminar  and  turbulent  diffusion  flames.  We  shall  generally  concentrate 
on  the  more  simple  and  well  defined  laboratory  configurations  which  have  given  insight 
into  the  separate  regions  of  sooting  processes  and  which  seek  to  determine  soot  volume, 
particle  sizes  and  formation  and  burnout  rates.  It  is  not  an  aim  here  to  discuss  soot 
formation  chemical  mechanisms  or  the  precursors  thereof.  More  general  comprehensive  reviews 
are  to  be  found  in  (1),  (2)  and  (3). 

LAMINAR  FLAMES 


Laminar  flames  provide  a  good  means  of  studying  the  structure  of  diffusion  flames 
without  the  complications  of  turbulence.  From  the  practical  viewpoint  the  aim  is  to  fully 
understand  the  detailed  sooting  regions  and  rates  and  then  introduce  this  knowledge  into 
models  for  turbulent  flame  combustion. 

Early  work  on  the  structure  of  sooting  diffusion  flames  was  carried  out  by  Wolfhard 
and  Parker  (4,5)  who  identified  the  sooting  zone  on  the  fuel  side  of  the  reaction  zone 
some  millimetres  from  the  region  of  maximum  temperature  in  a  sandwich  burner.  More  detailed 
sampling  measurements  of  soot  in  axisymmetric  flames  were  made  by  Spengler  and  Kern  (6) 
and  Tesner  et  al.  (7).  Spengler  and  Kern  measured  soot  flow  rate  profiles  (g/min)  in  a 
hexane  diffusion  flame^-Tesner  found  for  C^H.-Hp  flames  that  the  particle  formation  rate 
had  a  peak  of  about  10^^  particles /cm’ -s  very  early  (iO'^s)  in  the  flame  and  then  decayed 
rapidly.  The  measured  flow  rate  of  soot  (g/rain)  however  continued  to  increase  with  height 
above  the  burner.  A  subsequent  study  by  Tesner  et  al.  (8)  investigated  a  number  of  dif¬ 
ferent  hydrocarbon  (1-4%)  in  Hp  mixtures.  Their  measurements  show  the  increase  of  soot  in 
the  formation  region  and  the  subsequent  decline  further  up  in  the  burnout  region.  The  fuel 
gas  temperature  was  raised  and  generally  showed  an  increase  in  'formation  rates  (earlier 
peak)  and  earlier  burnout.  Again  peak  particle  formation  rates  occurred  much  earlier  than 
the  region  of  large  soot  yield.  The  "activation  energy"  for  the  formation  rate  taken  from 
the  temperature  dependence  was  140  -  18O  kcal/mole. 

Lee,  Thring  and  Beer  (9)  measured  soot  particle  oxidation  rates  by  sampling  and  tempe¬ 
rature  measurements  above  a  hydrocarbon  flame.  They  obtained  an  expression  for  the  oxida¬ 
tion  rate  in  terms  of  oxygen  partial  pressure  and  with  an  activation  energy  of  39.3  kcal/ 
mole . 


Detailed  measurements  of  the  soot  structure  in  laminar  diffusion  flames  including 
profiles  of  soot  volume  fraction,  particle  size  and  number  density  have  required  optical 
techniques.  The  fine  position  resolution,  lack  of  flame  disturbance  and  faster  data  col¬ 
lection  rates  have  made  these  methods  popular.  An  early  work  by  Kunugl  and  Jlnno  (10) 
presents  contours  of  soot  volume  fraction  (f„)  and  number  density  (N)  for  an  axisymmetric 
LPG  flame.  They  used  the  ratio  of  vertical  to  horizontal  scattered  light  intensities  to 
obtain  particle  sizes  of  100  -  200  nm  but  these  were  large  compared  with  their  sampled 
size  measurements.  Kuhn  and  Tankln  (11)  used  spectral  absorptivity  to  obtain  particle 
sizes  of  20  -  30  nm  in  a  propane  flame. 

Recently  a  number  of  investigations  (V2-20)  have  appeared  which  fundamentally  all  use 
the  same  technique  on  a  range  of  different  diffusion  flame  oonflguratlons .  Laser  light 
extinction  is  used  to  determine  soot  volume  fraction  and  the  ratio  between  the  soot  scat¬ 
tered  light  Intensity  and  extinction  coefficient  leads  to  particle  size  and  number  densi¬ 
ty  .  For  an  axisymmetric  configuration  the  path  extinction  measurements  first  need  to  be 
inverted  to  obtain  radial  profiles  of  soot  volume  fraction. 
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A  fairly  consistent  picture  emerges  of  the  sooting  structure,  which  we  will  describe 
from  our  measurements  on  a  Wolfhard-Parker  (sandwich)  burner  using  ethylene  fuel  and  air 
(14-15).  Figure  1  shows  the  optically  derived  measurements  of  soot  volume  fraction,  par¬ 
ticle  diameter  and  number  density  in  a  nearly  two  dimensional  diffusion  flame.  Soot  volume 
fraction  f  increases  with  height  above  the  burner  and  the  peak  is  located  well  on  the  fuel 
side  of  the  flame.  At  a  given  height  f  decreases  towards  the  flame  (peak  temperature  zone) 
and  towards  the  centreline  of  the  burner.  Particle  diameter  contours  (20-120  nm)  are  very 
similar  showing  a  general  correlation  with  soot  volume  fraction  as  is  also  found  in  pre¬ 
mixed  flames.  Number  density,  however,  shows  a  steep  decline  of  one  to  two  orders  of  mag¬ 
nitude  (general  range  lO'^  -  lO^®  m"3  )  with  distance  from  the  flame. 

The  measurements  indicate  (13-15)  that  particles  are  formed  in  the  high  temperature 
zone  near  the  flame  and  are  transported  to  the  fuel  rich  interior  where  real  soot  mass 
growth  subsequently  takes  place  as  the  particles  are  convected  upwards.  If  the  flame  is 
overventilated  -  closes  in  upon  the  centreline  -  then  partial  or  complete  burnout  of  the 
soot  particles  will  follow  as  they  then  pass  through  the  high  temperature  oxidizing  region. 
Temperature  and  velocity  measurements  in  our  flames  (14,15)  confirm  these  views.  Figure  2 
shows  temperature  contours  and  gas  flow  streamlines  obtained  from  Laser-Doppler  measurements. 
Particles  are  transported  from  the  flame  to  the  interior  by  convection  and  thermophoretic 
effects  will  drive  them  further  from  the  high  temperature  region.  During  this  period  num¬ 
ber  densities  fall  rapidly  by  coagulation,  but  soot  volume  fraction  does  not  increase 
greatly  until  the  interior  is  reached. 

The  temperature  and  velocity  measurements  allowed  soot  volume  and  particle  number 
production  rates  to  be  deduced  from  the  conservation  equations  and  a  realistic  coagu¬ 
lation  rate  model.  Figure  2  shows  how  particle  production  rates  increase  towards  the  flame 
whereas  soot  volume  production  rates  are  highest  closer  to  the  centreline.  The  peak  number 
production  rates  here  correspond  with  the  sampled  peak  rates  of  lO^^'m'^s”  of  Tesner  et  al. 
(7)g  Soot  volume  production  rates  dfj,  /dt  were  generally  found  to  be  around  (100-300)  x 
10“  s“  in  a  temperature  region  of  1200  -  lUOO'C  and  in  the  lower  half  of  the  flame. 

We  can  follow  a  hypothetical  particle  along  a  streamline  as  it  progresses  through 
the  flame  field  as  shown  in  Fig.  3-  (This  is  a  longer  flame  than  shown  in  Figs  142.) 

Time  is  calculated  from  the  reaction  zone.  The  particle  begins  its  trajectory  where  soot 
production  rate,  temperature  and  number  density  are  high.  Soot  volume  fraction  and  parti¬ 
cle  diameter  increase  rapidly  but  number  density  drops  because  coagulation  rates  exceed 
generation  rates.  As  tne  particle  continues  up  the  flame,  temperature  drops,  soot  produc¬ 
tion  rate  decreases,  f  levels  out  and  diameter  increases  slowly  due  to  continued  coagu¬ 
lation.  Measurements  at  other  conditions  (16)  show  that  in  the  burnout  region  particle 
diameter  decreases  with  soot  volume  fraction.  The  highest  values  of  peak  soot  volume  frac¬ 
tion  and  particle  diameter  are  found  to  occur  in  those  flames  where  the  particle  trajec¬ 
tory  was  parallel  to  the  flame  zone  and  particles  spent  a  relatively  long  time  in  the  high 
soot  production  contours.  Number  densities  in  the  highly  sooting  regions  did  not  correlate 
with  soot  quantity  and  are  therefore  propably  not  a  soot  production  rate  determining  quan¬ 
tity.  In  large  diffusion  flames  new  particles  may  possibly  be  formed  along  the  centreline. 

Jagoda  et  al.  (12)  measured  soot  in  axisymmetric  polystyrene  and  polypropylene  flames. 
Generally  characteristics  were  similar  to  ours  although  their  maximum  soot  volume  fractions 
occur  quite  low  in  the  flame.  Soot  particle  sizes  measured  by  sampling  were  about  40  nm 
at  all  heights  in  the  smoking  polystyrene  flame.  This  compared  with  the  light  scattered 
measurements  which  gave  a  range  or  50  -  100  nm.  The  authors  concluded  that  in  the  lower 
parts  of  the  flame  individual  particles  are  found  whereas  higher  up  the  optical  measure¬ 
ments  give  an  indication  of  aggregate  sizes. 

Kennedy  et  al.  (16,17)  investigated  propane  and  ethylene  stagnation  point  diffusion 
flames  stabilized  around  a  porous  cylinder,  through  which  the  fuel  is  ejected.  This  is 
essentially  a  one  dimensional  configuration  with  the  flow  perpendicular  to  the  flame  from 
the  air  to  the  fuel  side  and  with  no  possibility  of  air  leakage  around  burner  lips.  The 
structure  of  the  sooting  zone  is  again  the  same  as  shown  in  the  Wolfhard-Parker  burner. 

An  increase  in  the  air  velocity  reduced  f  and  particle  diameter  but  did  not  significantly 
affect  the  number  density  profiles.  An  increase  in  0-  in  the  air  increased  temperature, 
soot  volume  fraction  and  diameter  and  slightly  increase  number  density. 

Santoro  et  al.  (19)  Investigated  the  effect  of  increasing  port  velocity  in  an  axi¬ 
symmetric  ethylene  flame.  As  the  port  velocity  is  increased  the  flame  length  increases 
proportionally  and  at  a  certain  flow  rate  the  flame  begins  to  smoke  -  i.e.  soot  is  emitted 
as  a  plume.  Santoro  showed  that  when  the  axial  co-ordinate  is  non-dimensionalized  by  the 
fuel  flow  rate  (Burke  and  Schumann  (21)  scaling)  then  the  axial  profiles  of  soot  volume 
in  the  formation  region  are  very  similar  for  all  flame  conditions.  Particle  size  and 
number  density  in  the  formation  region  are  also  very  close  for  the  smoking  and  non-smoking 
flames.  In  the  burnout  region  large  differences  become  evident  with  the  non-smoking  flames 
showing  a  rapid  decrease  in  f  .  Particle  size  and  number  density  also  decrease.  The  soot 
volume  fraction  for  the  smoking  flame,  however,  remains  almost  constant  with  increasing 
height . 

The  similarity  of  the  normalized  soot  profiles  is  to  be  expected  on  theoretical 
reasoning.  At  any  flow  rate,  particles  have  the  same  species  concentration-time  histories 
as  they  pass  through  the  flame.  The  question  is  why  does  burnout  cease  for  the  higher 
flow  rate  flames?  In  the  case  of  turbulent  flames,  to  be  discussed  in  the  next  section, 
similar  behaviour  is  attributed  solely  to  the  temperature  in  the  oxidizing  region.  This 
cause  is  not  clear  here  because  the  flame  size  is  proportional  to  flow  rate  (Roper  et  al. 
22)  and  so  the  temperature  loss  due  to  radiation  is  expected  to  be  invariant  with  flow 
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rate.  In  reality  the  temperature  may  drop  with  increasing  flow  (for  example  the  flame 
comes  narrower  with  height  and  so  the  surface  to  volume  ratio  is  increasing),  because 
exponential  temperature  aependence  a  small  difference  may  significantly  reduce 

oxidation  rate.  This  in  turn  means  there  is  more  soot  left  to  reduce  the  temperature 
ther  by  radiation  losses. 
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Other  detailed  studies  on  the  effects  of  changed  conditions  or  differing  fuels  are 
scarce.  The  experimental  work  of  Roper  and  Smith  (20)  shows  that  as  air  supply  is  reduced 
soot  formation  rates  can  decrease,  the  onset  of  burnout  is  delayed  and  burnout  rates  de¬ 
crease.  The  work  of  Classman  and  Yacoarino  (23,24)  and  Schug  et  al.  (25)  determine  the 
net  effects  of  temperature,  oxygen,  inerts  and  other  additives  on  the  smoking  propensity 
of  different  fuels,  but  the  relative  effects  upon  the  formation  and  burnout  fields  have 
yet  to  be  measured. 


To  conclude  this  section,  a  summary  of  experimentally  determined  soot  quantities  in 
laminar  flames  is  presented  in  Table  1.  This  is  to  provide  a  perspective  rather  than  a 
direct  comparison  since  conditions  vary  quite  widely. 

Table  1 :  Soot  Particle  Measurements  in  Laminar  Diffusion  Flames 


Author 

Flame  con¬ 
figuration 

Fuel 

Method 

f  xIO^ 

V ,  max 

N(m‘3) 

d  (nm ) 

Lee  et  al. 

(9) 

axisymmetrlc 

C^Hg  mix 

sampled 

^40 

Kunugi  and  Jinno 

(10) 

axlsymmetric 

LPG 

optical 

1 

io^^-io’^ 

100-200 

tl  M 

" 

If 

sampled 

40-50 

Kuhn  and  Tankin 

(11  ) 

axisymmetrlc 

C3H8 

optical 

20-30 

Tesner  et  al. 

(7) 

axisymmetrlc 

H,-C2H2 

sampled 

10^8 

Roper  and  Smith 

(20) 

axisymmetrlc 

CHy 

optical 

0.4 

•  1  M 

11 

C3H8 

optical 

2 

Jagoda  et  al. 

(12) 

axisymmetrlc 

polystyrene 

optical 

10-30 

1o’8.io’'^ 

50-100 

»  U 

H 

ft 

sampled 

40 

Haynes  and  Wagner  (13) 

sandwich 

=2»4 

optical 

2 

10^8. io’8 

5-70 

Kent  et  al. 

(lit,  15) 

sandwich 

C2»4 

optical 

7 

1o’8.iol8 

10-120 

Kennedy  et  al. 

It  II 

(16,17) 

stagnation 

If 

S«8 

C2«4 

optical 

optical 

1 

0.3-2 

10’7.10’8 

1o’8.iol7 

5-25 

15-70 

Nakamura  et  al. 

(18) 

axisymmetrlc 

methanol/ 

benzene 

optical 

4 

M  M 

ft 

C3H8 

optical 

3 

Santoro  et  al. 

(19) 

axlsymmetric 

C2»4 

optical 

10 

CO 

0 

1 

0 

10-100 

TURBCLENT  FLAMES 


Turbulent  flames  which  are  the  more  Interesting  from  the  practical  viewpoint  have  not 
been  researched  as  extensively  as  laminar  flames  by  optical  means.  Soot  concentration 
measurements  by  sampling  are  in  the  majority. 

Hein  (26)  presented  soot  and  other  species  concentrations  measurements  by  sampling 
in  a  large  industrial  furnace  burning  either  heavy  fuel  oil  or  propane.  The  axial  pro¬ 
files  show  the  initial  soot  formation  region  in  the  fuel  rich  region  of  the  flame  followed 
by  the  decline  in  the  burnout  region.  The  peak  in  soot  concentration  is  considerably  closer 
to  the  burner  than  the  COj  peak  and  is  in  fact  similar  to  the  CO  concentration  profile. 

Hein  found  that  increasing  the  percentage  of  primary  air  increased  both  the  soot 
formation  and  burnout  rates.  Increased  velocities  decreased  soot  formation  and  increased 
burnout  rates.  The  author  concluded  that  combustion  of  soot  is  controlled  by  the  entrain¬ 
ment  rate  cf  secondary  air  into  the  flame.  By  assuming  a  first  order  reaction  he  obtained 
an  activation  energy  of  21-22  kcal/mole  for  the  soot  formation  process. 

A  probe-sampling  investigation  by  Maravel  (27)  in  an  industrial  furnace  burning  heavy 
oil  or  natural  gas  gave  similar  results.  The  axial  soot  profiles  were  again  spatially 
similar  to  the  CO  distributions.  The  fraction  of  carbon  in  the  fuel  converted  to  soot  was 
5%  for  natural  gas  and  20%  for  the  heavy  fuel  oil.  Particle  sizes  were  measured  to  be 
20-30  nm  along  the  axis  of  the  furnace.  Chemical  analysis  of  the  soot  particles  showed 
atomic  ratios  H/C  :  0.18  for  natural  gas  and  H/C  <  0.72  -  0.19  for  the  fuel  oil. 
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Sjogren  C28)  carried  out  experiments  with  an  oil  burner  to  determine  the  effects  of 
excess  air,  droplet  size  and  recirculation  on  soot  emission.  He  separated  the  effects  of 
excess  air  into  two  components.  The  conclusions  were  that  Increased  air  velocity  relative 
to  droplet  velocity  extinguishes  droplet  diffusion  flames  and  reduces  soot.  Decreased  0^ 
concentration  (such  as  occurs  in  recirculation)  generally  reduces  soot  formation  by 
lowering  the  required  extinction  velocity.  Extinction  velocity  increases  with  droplet 
size  and  so  small  droplets  produce  less  soot. 

Dalzell.  Williams  and  Hottel  (29)  investigated  a  turbulent  free  acetylene  flame  by 
optical  means  and  their  method  agreed  with  sampled  concentration  within  a  factor  of  two. 
Soot  particle  diameters  of  around  205  nm  were  obtained  from  polar  scattering  distribu¬ 
tions  and  they  presented  radial  profiles  of  soot  mass  concentration  through  the  flame. 

Magnussen  et  al.  (30.31)  investigated  free  turbulent  acetylene  flames  by  light  scat¬ 
tering  and  some  sampling.  The  statistics  of  the  fluctuating  light  scattering  signal  in¬ 
dicated  a  very  intermittent  soot  structure  in  the  flame.  The  length  scale  of  the  indicated 
structure  increased  with  distance  from  the  fuel  nozzle  up  to  the  location  of  the  peak  in 
the  scattered  signal  intensity.  The  authors  concluded  that  soot  is  formed  in  eddies  sepa¬ 
rated  by  regions  with  very  little  soot.  Large  soot  agglomerates  are  indicated  by  the  di- 
syrametry  of  the  scattered  signal  in  downstream  regions.  The  probability  density  functions 
of  the  signal  also  change  from  a  Gaussian-plus-delta  function  near  the  nozzle  to  a  con¬ 
tinuous  skewed  distribution  further  downstream.  Inert  additives  to  the  fuel  and  increased 
fuel  Jet  velocity  were  found  to  decrease  the  amount  of  soot  in  the  flame. 

Some  theoretical  modelling  based  upon  particle  formation  and  burnout  rates  in  laminar 
flames  applied  to  the  turbulent  field  were  also  presented  and  were  favourably  compared 
with  experiment. 


Prado  et  al.  (32)  sampled  soot  (and  polycyclic  aromatic  hydrocarbons)  in  furnace 
flames  of  kerosene  and  benzene.  PCAH  profile  peaks  always  preceded  soot  profile  peaks  as 
in  laminar  diffusion  flames  (6).  They  found  that  at  low  velocity,  a  slight  decrease  in 
atomizing  air  pressure  resulted  in  a  20  fold  Increase  in  soot  concentration  and  a  large 
increase  in  smoke  emitted.  At  higher  velocity  this  sensitivity  was  not  evident.  They  ex¬ 
plained  the  effect  as  being  due  to  larger  fuel  droplets  at  low  pressure  whose  flame  enve¬ 
lopes  are  sensitive  to  extinction  by  the  relative  air  velocities.  Particle  sizes  were 
measured  and  ranged  from  14  -  30  nm  and  they  were  agglomerated  in  larger  units  or 
chains.  Atomizing  air  pressure  did  not  affect  particle  size.  Average  particle  size  tended 
to  increase  slightly  in  the  burnout  region.  This  was  attributed  to  smaller  particles 
burning  out  first  and  possible  internal  oxidation  and  collapse  of  other  particles. 


Pagni  and  Bard  (33)  and  Sohdnbucher  (43)  measured  soot  in  solid  and  liquid  fuel  fires. 
These  flames  would  probably  be  considered  more  as  flickering  laminar  flames  rather  than 
turbulent  in  the  present  context.  Pagni  and  Bard  used  multi-wavelength  laser  light  extinc¬ 
tion  to  determine  soot  volume  fraction  and  particle  size.  For  purposes  of  analysis  the 
flames  were  considered  as  homogeneous, sooting  bodies.  Isooctane,  one  of  the  liquid  fuels. 
had  a  soot  volume  fraction  0.62  x  10”  ,  particle  size  46  nm  and  number  density  2.7  x  10  ^m”^. 


Becker  and  lamazaki  (34)  investigated  buoyant  free  turbulent  propane  and  acetylene 
flames  by  scattered  light  intensity.  This  was  related  to  sampled  soot  concentrations.  They 
found  that  similarity  of  profiles  could  be  achieved  when  plotted  against  Richardson  number. 
Their  measurements  also  imply  constant  particle  size  in  the  burnout  region.  In  further 
work  Becker  and  Liang  (35)  sampled  soot  from  the  exhaust  of  turbulent  flames  from  a  variety 
of  fuels.  They  established  a  soot  yield  order  C^Hp  #  ^  ^  ^*^4’  ^2*^6’  soot 

yield  was  again  found  to  correlate  well  with  Richirdson^number  bul  the  a3thoPs“point  out 
that  Richardson  number  is  in  turn  correlated  with  the  flame  residence  time  and  so  the  de¬ 
termining  factor  cannot  be  established. 


Beretta  et  al.  (36-39)  investigated  the  flame  yield  of  a  free  diesel  oil  spray  flame 
under  laboratory  conditions.  Light  scattering  and  extinction  techniques  were  used  to  de¬ 
termine  droplet  and  soot  particle  quantities.  The  polarization  ratio  of  the  scattered 
light  was  used  to  distinguish  between  soot  particles  (small  polarization)  and  fuel  drop¬ 
lets  (larger  polarization).  Scatter  to  extinction  ratios  were  used  to  determine  soot  gar- 
ticle  volume  fraction  and  size.  Volume  fraction  in  the  downstream  region  was  up  to  10  ° 
and  particle  sizes  ranged  from  20  nm  initially  to  120  nm  further  downstream.  In  the  region 
near  the  nozzle  they  found  the  soot  production  zone  to  be  located  in  a  compact  high  tempe¬ 
rature  annulus  surrounding  the  fuel  Jet.  Further  downstream  the  profiles  are  more  uniform 
and  believed  to  be  determined  more  by  mixing  and  recirculation  than  by  local  production 
processes.  PAH.  Indicated  by  fluorescence,  preceded  the  region  of  soot  formation  which  oc¬ 
curred  in  higher  temperature  zones. 


Further  work  by  sampling  on  the  same  burner  was  carried  by  Ciajolo  et  al.  (40).  They 
showed  that  in  the  fuel  vapourization  region  ethylene,  light  PAH  and  other  pyrolysis  pro¬ 
ducts  are  formed  followed  by  heavier  PAH  and  soot  in  subsequent  zones  at  higher  tempera¬ 
ture  . 


Nlshida  and  Mukohara  (41)  measured  soot  and  other  species  concentration  profiles  in 
a  turbulent  C-Hg  diffusion  flame.  They  varied  the  inlet  air  temperature  and  inlet  velocity 
to  determine  the  effect  upon  sooting.  Axial  and  radial  soot  profiles  peaked  Just  on  the  fuel 
side  of  the  temperature  peak.  The  radial  profiles  showed  a  very  steep  drop  Indicating  rapid 
burnout  at  the  peak  in  the  radial  temperature  profile.  For  the  high  velocity  flame  an  in¬ 
crease  in  inlet  air  temperature  led  to  an  Increased  soot  formation  rate  but  also  an  in¬ 
creased  burnout  rate  so  that  smoke  emission  ceased.  In  the  case  of  the  low  velocity  flame, 
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the  increase  in  air  temperature  again  increased  the  soot  formation  rate  but 
cause  of  the  lower  velocity,  temperature  losses  by  radiation  meant  that  the 
remained  the  same  and  more  smoke  was  emitted.  This  clearly  demonstrated  the 
temperature  on  the  burnout  as  well  as  formation  rates  and  on  the  subsequent 
sity  ol'  the  flume . 


this  time  be- 
burnout  rate 
importance  of 
smoking  propen- 


The  picture  which  emerges  from  these  studies  is  that  soot  is  formed  on  the  fuel  side 
of  the  peak  temperature  contour  after  the  initial  light  pyrolysis  products,  but  before  the 
main  products  CO,  and  H,0.  In  several  of  the  studies  the  peak  in  the  soot  concentration 
profile  is  close'^to  that  of  CO.  The  soot  formation  rate  is  sensitive  to  initial  conditions 
-  air  velocity,  fuel  droplet  size,  fuel  type  initial  temperature.  Soot  burnout  begins 
to  occur  very  close  to  the  peak  in  temperature  where  0,  starts  to  penetrate.  The  burnout 
rate  is  sensitive  to  mixing  rates  (amount  of  air  present)  and  particularly  to  temperature. 


Individual  particle  sizes  are  probably  around  20  -  40  nm  but  may  appear  (particular¬ 
ly  by  light  scattering  measurements)  as  large  agglomerates  of  200  nm  or  more  in  the  down¬ 
stream  flame  regions.  The  structure  of  the  soot  burning  zones  is  highly  intermittent  (as 
is  that  of  other  products  and  temperature)  in  the  turbulent  flame  field. 


A  comparison  of  the  maximum  measured  soot  concentrations  from  the  reviewed  studies 
is  presented  in  Table  2.  Apart  from  the  data  for  the  heavy  fuel  oil  and  for  acetylene 
there  is  not  a  great  deal  of  variation. 


Table  2:  Maximum  Measured  Soot  Concentrations 


Author  Flame  type  Fuel  Soot  (g/N  m’ ) 


Hein 

(26) 

Furnace 

Heavy  fuel  oil 

30 

-  50 

Beretta  et  al. 

(34-39) 

Free 

Light  diesel  oil 

5 

Ciajolo  et  al. 

(40) 

Free 

1,  II  It 

5 

Prado  et  al. 

(32) 

Furnace 

Benzene 

10 

" 

tl 

Kerosene 

4 

Pagni  and  Bard 

(33) 

Fire 

Isoootane 

« 

3 

Dalzell  et  al. 

(29) 

Free 

CgHg 

» 

5 

Magnussen  et  al. 

(31  ) 

Free 

S«2 

10 

• 

-  15 

Becker  and  Yaraazaki  (34) 

Free 

0.8 

Hein 

(26) 

Furnace 

''3“8 

6 

-  7 

Nlshlda  and  Mukohara  (41) 

Enclosed 

S«8 

5 

Kent  and  Bastin 

(42) 

Free 

C2H2 

100* 

• 

Published 

light  scatter 

measurements  -  have  been  multiplied 

by  5  here 

to  approximate 

1  standard 

volume  conditions. 

Overall  it  is  still  not  possible  to  reliably  predict  soot  formation  and  burnout  rates  for 
a  particular  system.  In  some  cases  (Becker  et  al.  34,35)  the  rates  may  be  entirely  mixing 
rate  controlled  although  more  generally  this  is  not  true.  Some  recent  work  by  Kent  and 
Bastin  (42)  is  aimed  at  determining  soot  formation  and  burnout  rate  Influences  in  turbu¬ 
lent  acetylene  flames.  Free  turbulent  flames  wore  investigated  over  a  range  of  nozzle 
sizes  and  Jet  velocities  to  ascertain  the  effects  of  initial  conditions  upon  the  soot 
field.  Test  conditions  ranged  from  20  -  200  m/s  nozzle  velocity  with  nozzle  sizes  of 
1.5  -  5  mm . 

These  flames  were  generally  not  affected  by  buoyancy  as  evidenced  bygnear  constant 
soot  profile  peak  positions  over  all  conditions.  Richardson  numbers  gD/U  (D  is  nozzle 
diameter.  U  is  nozzle  fuel  velocity)  ranged  from  (0.5  -  20)  x  10”  .  The“flame  time  con¬ 
stant.  t  =  o/U  ,  was  found  to  determine  the  sooting  behaviour  of  the  flame.  Laser  light 
extinction  measurements  were  made  transversely  across  the  flame  axis  and  were  converted 
by  way  of  Mle  extinction  theory  to  equivalent  soot  volume  fraction.  This  is  the  soot 
volume  fraction  which  has  the  same  extinction  over  a  path  length  equal  to  the  nozzle  dia¬ 
meter  . 

Figure  4  shows  six  test  conditions  with  varying  nozzle  diameters  and  velocities  but 
with  only  two  time  constants,  0.1  and  0.33  ms.  The  axial  profiles  agree  very  well  at  their 
respective  time  constants  and  the  differences  between  the  two  series  is  quite  marked.  The 
agreement  is  perfect  on  the  soot  formation  aide  with  some  divergence  appearing  in  the 
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burnout  region. 


Soot  cross-section  average 
also  shown.  They  show  a  drop  In 
tion  losses.  The  temperature  Is 
and  the  profiles  also  fall  into 


temperature  measurements  made  by  the  Kurlbaum  method  are 
temperature  with  distance  from  the  nozzle  due  to  radla- 
therefore  also  a  function  of  the  amount  of  soot  present 
two  groups  according  to  the  flame  time  constant. 


The  effect  of  increasing  fuel  jet  velocity  upon  the  equivalent  soot  volume  axial 
profiles  for  the  3  mm  nozzle  are  shown  in  Fig.  5.  Velocity  varied  from  30  -  150  m/s.  Con¬ 
ditions  1-3  were  heavy  smoke  emitters  as  can  be  seen  from  the  high  values  of  the  profiles 
in  the  downstream  regions.  However,  for  conditions  1-5  (velocities  30-69  m/s)  the  pro¬ 
files  are  almost  Identical  in  the  formation  region  at  the  peak  and  in  the  burnout  region 
up  to  X/D  =  100.  That  is, at  the  point  where  the  curves  begin  to  diverge, soot  conditions 
in  all  these  flames  appear  to  be  the  same.  The  reason  why  the  burnout  rates  quite  sud¬ 
denly  drop  for  conditions  1-3  is  apparently  due  to  the  lower  temperatures  in  the  slower 
flames  as  shown.  Temperatures  are  lower  in  the  slower  flames  as  residence  time  is  longer 
for  similar  radiation  loss  rates.  The  smoking  propensity  of  the  flame  therefore  appears 
to  be  entirely  due  to  temperature  in  the  downstream  region  and  is  independent  of  the  peak 
amount  of  soot  formed. 


As  jet  velocity  is  further  increased  (conditions  6-8.  velocities  91-150  m/s;  the  soot 
formation  regions  and  peak  values  also  show  significant  reductions  in  soot  quantity.  Rela¬ 
tive  soot  formation  rates  were  obtained  from  the  slopes  of  the  profiles  at  X/D  =  50  for  all 
conditions  and  nozzle  sizes.  In  order  to  get  a  nominal  time-based  formation  rate,  the  gra¬ 
dients  are  multiplied  by  nozzle  velocities , as  local  velocities  at  X/D  =  50  were  not  meas¬ 
ured.  These  are  shown  in  Fig.  6  against  l/f  which  is  termed  the  flame  mixing  rate.  The 

soot  formation  rat^  is  linearly  proportional  to  the  mixing  rate  with  very  little  scatter 
up  to  1 /-c  =  20  ms"  .  Thereafter  soot  formation  rates  level  out  and  show  more  scatter. 

These  data  therefore  indicate  that  at  low  mixing  rates, soot  chemistry  is  faster  than 
mixing  rates  and  the  rate  of  soot  formation  is  controlled  by  mixing  rates.  At  higher 
mixing  rates,  chemistry  is  the  controlling  rate  and  it  may  in  turn  depend  on  other  factors 
such  as  temperature  and  minor  species  concentrations  in  the  flame. 

In  the  burnout  region  the  situation  is  a  little  more  complicated.  Figure  7  shows 
nominal  burnout  rates  against  mixing  rates  at  X/D  =  125  and  175.  The  dependence  on  mixing 

rate  is  again  clearly  evident  but  it  is  no  longer  linear.  A  threshold  in  iz-f  below  which 

burnout  rates  are  zero  has  developed  and  this  threshold  increases  with  X/D.  Falling  tempe¬ 
rature  is  evidently  the  important  factor  since  0,  concentration  increases  with  downstream 
distance.  At  higher  mixing  rates,  burnout  rates  level  out  and  are  therefore  dependent  upon 
other  factors  too  such  as  species  concentrations. 

The  dependence  of  burnout  rates  on  temperature  is  shown  in  Fig.  8  for  all  X/D  —  100. 
The  well  defined  upper  bound  shows  the  limiting  influence  of  temperature.  Burnout  effecti¬ 
vely  ceases  below  1000  -  IIOO^C. 

The  conclusions  from  this  study  regarding  burnout  rates  were  that  mixing  rate,  tempe¬ 
rature  or  species  concentration  can  place  a  limit  on  burnout  rates.  Near  the  peak  in  the 
soot  profile  it  is  likely  to  be  species  concentration  (since  burnout  rates  fall  to  zero 
here).  Further  downstream  it  can  depend  upon  mixing  rates  and  towards  the  end  where  oxygen 
concentration  is  high,  low  temperature  can  be  the  dominant  factor. 

CONCLUSIONS 


The  experimental  investigations  of  laminar  diffusion  flames  particularly  by  optical 
means  have  yielded  a  good  understanding  of  the  separate  regions  of  soot  particle  forma¬ 
tion.  particle  growth  and  soot  burnout.  What  is  still  not  clear,  however,  is  the  depen¬ 
dence  of  the  rates  of  these  processes  upon  the  local  species  concentrations  and  tempe¬ 
ratures.  Experimental  data  where  fuels,  temperatures  and  concentrations  are  varied  and 
where  optical  soot  measurements  are  combined  with  gas  analysis  would  be  invaluable  but 
very  laborious.  Classman's  data  show  that  neither  fuel  type  nor  temperature  alone  deter¬ 
mine  sooting  behaviour  and  so  simple  relationship  may  not  be  easy  to  find. 

Ultimately  modellers  of  practical  combustors  would  like  to  insert  local  soot  reac¬ 
tion  rates,  gleaned  from  laminar  flame  data,  into  turbulent  flame  models  and  thus  be  able 
to  predict  the  sooting  field.  This  fundamental  approach  may  be  the  most  difficult.  The 
alternative  is  to  try  to  obtain  experimental  data  in  turbulent  flames  to  directly  estab¬ 
lish  the  controlling  parameters.  Some  headway  has  been  made  here.  The  regions  of  soot 
formation  and  burnout  have  been  recognized  and  some  effects  of  changed  initial  conditions 
upon  these  rates  have  been  discovered.  The  importance  of  fuel,  temperature,  flame  time 
constant  and  the  addition  of  active  or  inert  additives  upon  the  separate  processes  has 
been  noted.  What  remains  now  is  to  measure  absolute  formation  and  burnout  rates  in  terms 
of  these  recognized  parameters  in  order  to  obtain  useful  correlations  for  the  combustion 
engineer . 
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4:  Equivalent  soot  volume  frac- 

tion  and  temperature  axial 
proi'iles  in  turbulent  acetylene 
diffusion  flames  as  a  function 
of  time  constant  tr  .  1,2,3  - 
-r=  0.33  ms;  n,5.6  -  -C  =  0.1 
ms  ( 42  )  . 


Fig,  5:  Same  as  Fig.  4  but  for  fixed 

nozzle  size  and  varying  nozzle 
velocity.  Conditions  1-6  velocity 
increases  from  30-150  m/s.  Con¬ 
ditions  1-3  heavy  smoke  emitters 
142). 


Figs.  6  and  7;  Equivalent  soot  volume  formation  (Fig.  6)  and  burnout  (Fig.  7)  nomi¬ 
nal  rates  in  turbulent  acetylene  diffusion  flames  against  mixing 
rate  1  /-£(  =  U^/D.  ,42) 


Temperature  l°C) 


Fig.  8:  Nominal  soot  burnout 
rates  as  a  function 
of  local  temperature 
in  turbulent  acetylene 
diffusion  flames.  (42) 
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DISCUSSION 


K.Honuinn,  Ge 

What  was  the  limitation  for  the  temperature  measurements  at  low  X/0  values  in  Figures  4  and  5? 

Author’s  Reply 

The  Kurlbaum  temperature  method  compares  the  intensity  of  radiation  from  the  reference  lamp  viewed  directly 
with  that  when  viewed  through  the  flame.  We  found  that  discrimination  became  difficult  when  soot  absorption 
(of  the  laser  beam)  dropped  below  about  1C  percent.  This  limited  the  range  of  temperature  measurements. 


rically  Charged  Soot  Particles  in  Flames 

Homann,  E.  Strofer  and  H.  Wolf 
lische  Chemie,  Technische  Hochschule  Darmstadt 
20,  6100  Darmstadt,  Fed.  Rep.  of  Germany 

P003 

A  part  of  the  soot  particles  in  fuel-rich  hydrocarbon  flames  carry  an  electric  charge. 
Charges  of  both  signs  occur  on  soot  particles  in  the  same  flame.  Through  a  molecular 
beam  sampling  system^ charged  soot  particles  and  smaller  ions  have  been  drawn  from  low  pres¬ 
sure  flames  of  acetylene  and  benzene  and  analyzed  in  an  electrostatic  mass  filter  and  a 
deflection  system.  The  development  of  particle  mass,  number  density  and  the  volume  frac¬ 
tion  of  charged  and  neutral  soot  is  reported  for  these  flames  under  different  burning  con¬ 
ditions.  The  volume  fraction  of  charged  soot  in  acetylene  flames  increases  with  temperature 
while  there  are  no  large  charged  soot  particles  at  all  in  benzene  flames.  The  role  of 
charged  species  in  the  mechanism  of  soot  formation  and  the  process  of  charging  is  discussed 
in  terms  of  a  chemi ionization  mechanism.  - 
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INTRODUCTION 

Soot  particles  can  acquire  a  positive  or  negative  electrical  charge  when  they  are  formed 
in  the  flame.  The  degree  and  the  sign  of  ionization  depends  on  the  fuel  and  on  the  burning 
condition.  This  fact  has  been  used  to  Influence  carbon  formation  through  external  electric 
fieldswith  special  laboratory  flames  by  drawing  the  particles  to  the  electrc  les  or  into  oxy¬ 
gen-rich  parts  of  the  flame  where  they  are  burned  (1,2). 

On  the  other  hand,  the  role  of  electrically  charged  soot  particles  and  their  precursors 
in  the  mechanism  of  carbon  formation  has  been  and  still  is  studied  and  discussed  (3,4). 

With  some  fuels  thermal  equilibrium  of  soot  ionization  seems  to  be  established  fairly  soon, 
for  others  this  is  not  true  (5].  The  degree  of  soot  ionization  can  be  strongly  increased 
by  the  addition  of  alkali  or  alkaline  earth  salts  to  the  flame  (5,6)  .  Thereby,  a  large 
fraction  of  particles  is  charged  negatively  so  that  their  agglomeration  to  larger  aggregates 
is  impeded  and  very  small  particles  leave  the  flames  which  may  be  burned  faster  with  addi¬ 
tional  oxygen.  Conversely,  the  presence  of  solid  soot  particles  in  the  flame  has  a  strongly 
promoting  influence  on  the  rate  of  metal  ionization  as  compared  to  this  process  in  non-soo¬ 
ting  flames  (7). These  short  introductory  remarks  on  the  ionization  in  sooting  flames  and 
the  means  to  influence  it  show  that  this  subject  is  of  considerable  interest  both  from  a 
practical  point  of  view  and  for  the  understanding  of  the  physico-chemical  processes  leading 
to  carbon  formation  in  flames. 

The  subject  of  this  paper  is  the  investigation  of  the  degree  of  positive  and  negative 
ionization  of  soot  in  preralxed  flames  of  acetylene  and  benzene  under  different  burning  con¬ 
ditions  and  of  the  mass  distribution  of  charged  soot  particles. 


EXPERIMENTAL 
Burner  and  Flames 

The  flames  studied  were  premixed  acetylene-oxygen  and  benzene-oxygen  low  pressure  flat 
flames  burning  on  a  7.5  cm  diameter  water-cooled  sintered  disk  burner.  The  burner  could  be 
moved  vertically  in  the  burner  housing  to  make  possible  sampling  from  different  heights  in 
the  flame.  The  sampling  nozzle  was  always  held  at  ground  potential.  The  flow  of  acetylene 
and  oxygen  was  controlled  in  the  usual  way  with  capillary  flow  meters  and  needle  valves. 

For  benzene  flames  pure  oxygen  was  saturated  with  benzene  vapor  and  then  mixed  with  further 
oxygen  to  get  the  desired  ratio.  Temperatures  in  the  burned  gas  of  these  flames  had  been 
measured  in  a  precedent  work  using  the  sodium  line  reversal  method  [8] . 

The  Sampling  Nozzle  and  the  Detection  Systems  for  Charged  Particles  (Fig.  1) 

The  flames  were  sampled  through  an  orifice  on  top  of  a  conical  quartz  probe  of  60  mm 
height  and  50  mm  base  diameter.  A  supersonic  nozzle  beam  from  the  soot-ioaden  flame  gases 
was  formed  inside  this  probe  and  expanded  at  a  background  pressure  of  about  0.1  Pa  genera¬ 
ted  by  a  1000  1  s“'  diffusion  pump.  Since  charged  particles  were  to  be  sampled  platinum 
paint  was  burned  onto  the  inner  and  outer  surface  of  the  probe  which  was  kept  at  ground  po¬ 
tential,  so  that  no  uncontrollable  surface  charges  could  form  on  the  probe.  For  the  detec¬ 
tion  of  positively  and  negatively  charged  species  two  different  techniques  were  applied. 

The  first,  an  electrostatic  energy  filter,  was  used  for  smaller  particles  with  masses  up 
to  about  2-10''  atomic  mass  units  (ul  .  It  has  been  described  previously  [9,5],  In  short. 

It  consists  of  an  array  of  three  parallel  grids  made  of  fine  copper  mesh  which  were  placed 
inside  the  sampling  cone  near  the  sampling  nozzle, perpendicular  to  the  axis  of  the  beam. 

The  first  grid  at  ground  potential  together  with  the  Inside  wall  of  the  probe  provided  a 
field-free  space  for  the  nozzle  beam  to  expand  to  free  molecular  flow  condition.  An  energy 
separation  of  the  charged  particles  was  obtained  by  applying  a  repelling  voltage  su  to  the 
second  grid. This  let  through  only  those  particles  for  which  1/2  mv*  i  QAU, where  m,  v  and 
0  are  mass,  velocity  and  charge  of  the  particle,  respectively. 
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Fig.  I.  Two  different  experimental  set-ups  for  the  detection  and  mass  analysis  of 
charged  soot  particles 

aU  was  positive  for  positive  and  negative  for  negative  ions.  The  third  grid  served  as  the 
detector.  For  positive  ions  it  was  biassed  negatively  and  vice  versa  for  negative  charge 
carriers.  An  integral  kinetic  energy  spectrum  was  obtained  when  the  detector  current  was 
monitored  as  a  function  of  the  repelling  voltage  aU.  The  spectrum  is  then  differentiated. 
To  convert  it  into  a  mass  spectrum  the  velocity  and  the  charge  of  the  particles  must  be 
known.  This  mass  separator  can  be  used  for  ions  with  masses  between  about  20  and  2'10''  u. 
Higher  repelling  voltages  were  not  used  because  of  corona  discharges.  Total  ion  currents 
could  be  measured  with  zero  repeller  voltage  or  using  the  first  grid  as  detector.  Fig.  2 
shows  typical  mass  spectra  of  charged  particles  obtained  with  this  mass  separator. 


Fig.  2.  Mass  distributions  of  positive  and  negative  soot  ions  in  a  flat  CjHj -Oj -flame. 

C/0  =  1.12,  p  =  27  mbar,  Vq  =  42  cm  s“* 

The  mass  scale  is  only  approximate  since  the  velocities  of  the  particles  in  the  beam  are 
not  known  exactly.  Measurements  on  flames  seeded  with  Cs'*'  ions  (m  =  133  u)  and  new  results 
on  the  mass  of  large  negatively  and  positively  charged  particles  made  necessary  a  correc¬ 
tion  of  the  mass  scale  published  previously  [5,9]. 
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The  other  detector  was  used  for  larger  soot  particles,  both  neutral  and  charged  ,see 
Fig.  1.  The  center  part  of  the  beam  entered  a  second  high  vacuum  chamber  (p  s  10"*  Pa) 
through  another  circular  orifice  (0.8  mm  diameter).  The  charged  particles  were  deflected 
in  the  transverse  electric  field  of  a  plate  capacitor.  They  impacted  on  a  glass  plate  in 
some  distance  from  the  field  where  the  soot  particles  were  deposited. The  pattern  of  depo¬ 
sition  from  neutral,  positively  and  negatively  charged  soot  particles  was  then  measured 
under  a  microphotometer.  The  absorption  of  light  was  talcen  as  a  measure  for  the  amount  of 
soot  deposited.  It  proved  necessary  to  use  glass  plates  covered  with  a  uniformly  transpa¬ 
rent  conducting  layer  in  order  to  hold  them  at  ground  potential.  Otherwise,  surface  char¬ 
ges  of  the  deposited  soot  generated  local  electric  fields  preventing  the  following  particles 
from  being  captured  on  the  glass. 

Fig.  3  shows  an  absorption  curve  of  the 
deposits  on  the  glass  plate.  The  absorption 
due  to  neutrals  is  of  circular  symmetry  so 
that  its  shape  can  be  determined  by  a  photo¬ 
metric  scan  at  a  right  angle  through  its 
center.  The  shoulder  on  the  peak  of  the  po¬ 
sitive  soot  ions  is  most  probably  due  to 
doubly  charged  particles  since  its  position 
is  just  at  double  distance  from  the  center 
of  the  neutrals  (beam  axis)  compared  to  the 
maximum  of  the  singly  charged  soot  particles 
Doubly  charged  particles  were  only  found  in 
acetylene  flames  of  higher  temperature.  The 
figure  shows  experimental  absorption  curves 
and  the  contributions  of  the  neutral  and 
the  charged  soot  particles  from  a  sooting 
acetylene-oxygen  flame.  The  area  under  the 
individual  curves  is  a  measure  for  the 
respective  amount  of  differently  charged 
soot  in  the  flame. 

Although  the  main  purpose  of  the  sepa¬ 
rate  detection  of  larger  neutral  and  charged 
particles  was  the  determination  of  their 
relative  amount  in  flames  of  different  fuels 
and  burning  conditions  the  deflection  by 
the  electric  field  could  also  serve  as  a 
rough  mass  discriminator.  Carrying  the  same 
charge  light  particles  are  deflected  more 
than  heavy  ones.  The  reason  is  the  same  as  for  the  mass  separator  described  above.  The  soot 
particles  in  the  beam  are  accelerated  to  velocities  much  higher  than  their  thermal  veloci¬ 
ties  in  the  flame.  The  gain  in  kinetic  energy  in  this  expanding  gas  beam  seeded  with  the 
soot  particles  is  the  larger  the  heavier  the  particles  are. 
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Fig.  3.  Absorption  curves  (solid  lines) 
for  deposits  of  neutral,  nega¬ 
tively  and  positively  charged 
soot  particles  on  the  glass 
plate  from  a  CjHz-flame.  The 
dashed  lines  show  the  sepa¬ 
rate  contributions  of  the 
charged  particles. 


Burning  and  Measuring  Conditions 


The  flames  burned  under  a  pressure  of  27  rabar  (20  Torr) .  Flat  flames  of  this  size  and 
pressure  have  been  extensively  studied  as  concerns  concentration  profiles,  temperature  and 
absolute  concentration  of  soot  and  size  distribution  of  comparatively  large  soot  particles 
so  that  these  results  can  be  discussed  and  compared  within  a  larger  frame  [10,11,1^13]. 
Initial  flow  velocities  of  the  unburned  mixture  covered  the  range  between  30  and  60  cm  s"’ . 
An  increase  in  the  flow  velocity  or  the  throughput,  respectively,  results  in  a  higher  terape 
rature  at  the  maximum  and  in  the  soot  forming  zone  of  the  burned  gas.  The  Table  gives  the 


burning  conditions  of  the  different  flames. 

For  each  flame,  samples  were  taken  from 
different  heights  in  the  soot  forming  zone. 
The  measurements  with  the  electrostatic 
mass  filter  were  also  extended  into  the 
oxidation  zone.  Sampling  times  for  eva¬ 
luable  deposits  on  the  glass  plates  va¬ 
ried  from  20  s  for  a  strongly  sooting  ben¬ 
zene  flame  at  a  height  of  fully  developed 
soot  concentration  to  about  12-10’  s 
at  a  height  near  the  oxidation  zone  of  an 
acetylene  flaune  where  soot  formation  just 
began.  Care  was  taken  that  the  orifice  did 
not  clog  during  the  sampling  time. 


Table:  Burning  conditions  of  C2H2  and  CsHe- 
f lames 


Flame  No. 
and  Fuel 

C/0 

''0 

P 

-i 

cm  s 

mbar 

1,  CjH, 

1.12 

50 

27 

2,  CjHj 

1.12 

37 

27 

3,  CjHj 

1.12 

30 

27 

4,  C2H2 

1.3 

60 

27 

5,  C2H2 

1.3 

50 

27 

6,  CjHj 

1.3 

42 

27 

RESULTS 


Relative  Volume  Fractions  of  Neutral  and  Charged  Soot 


Fig.  4  shows  the  relative  volume  fractions  of  neutral  and  charged  soot  in  two  slightly 
sooting  C2 H2 -O2 -flames  of  a  C/0  ratio  of  1.12  (same  as  that  of  Fig.  2)  but  with  different 
flame  temperatures  caused  by  different  flow  velocities  of  the  unburned  gas.  The  respective 
temperature  profiles  are  also  given  in  the  figure.  Positive  soot  ionization  becomes  first 
measurable  at  a  height  between  14  and  15  mm  above  the  burner.  (The  term  "above  the  burner" 
is  used  traditionally  although  in 


this  set-up  the  flame  burned  under  the 
burner  which  does  not  influence  its 
shape.)  This  compares  well  with  the 
mass  distribution  functions  obtained 
with  the  electrostatic  mass  filter 
(Fig.  2)  at  this  height  of  the  flame. 
Positively  charged  particles  of  some 
thousand  mass  units  are  being  formed 
at  this  height.  From  a  comparison  of 
these  two  methods  and  the  fact  that 
with  the  mass  filter  negative  soot 
ions  of  masses  S2500  u  can  be  found 
at  this  height  but  do  not  yet  appear 
on  the  glass  plate, it  is  estimated 
that  only  particles  with  masses  lar¬ 
ger  than  about  6000  u  can  be  de¬ 
tected  by  the  glass  plate  method. 
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In  the  hotter  flame  the  fraction  .  fi. 

of  positively  charged  soot  increa- 

ses  steadily  reaching  about  33  per-  5' —  ^ - - j|— 

cent  while  the  profile  of  negatively 

charged  carbon  particles  shows  a  Height  aOove  the  burner/ mm 

similar  shape  but  is  lower  by  a  fac¬ 
tor  of  about  0.5.  In  the  flame  with  p  Profiles  of  relative  soot  volume  frac- 

lower  temperature  the  fraction  of  the  ^  neutral  and  charged  soot  and 

positively  ionized  amount  of  soot  temperature  in  flaLsNo.1 

IS  smaller.  But  in  this  case  it  is  equal  t  _ _ _ 

within  the  limits  of  experimental  error  {dashed  lines)  and  2  (solid  lines) 

to  that  of  the  negatively  charged  soot. 

The  lower  flame  temperature  does  not  only  influence  its  electrical  state  but  also  leads  to 
a  larger  yield  of  soot.  The  latter  effect  has  been  studied  before  without  separation  of  neu¬ 
tral  and  charged  soot  (9,10). 


The  same  is  true  for  a  more  strongly  sooting  Cj Hj -Or -flame  with  a  C/0  ratio  of  1.3  as 
shown  in  Fig.  5.  Again  the  ionized  fraction  increases  from  the  beginning  of  soot  formation 
and  levels  off  at  height  of  30-40  ram. 

In  flames  of  higher  temperature  there  Temperature/ K 

is  relatively  more  positively  than  nega  ^  JjlOO 

tivel,  charged  soot  while  these  frac-  g  .  "  '  -  _ 

tions  are  again  almost  equal  in  the  £  ^  ~ ^ 

lower  temperature  flames.  2  I  \  T  ~  -2000 


Fig.  6  gives  relative  total  soot  =  T  '  ~  190 

volume  fractions  in  flames  No.'s  »  ' 

1-6  showing  the  influence  of  C/0  g  ^  neutmt  _  T8( 

ratio  and  flow  velocity  on  the  yield  '2  \  - . 

of  soot.  At  the  beginning  of  the  t  ^  •- 

curves  at  low  heights  the  real  amount  -  SO  •  ^  _ 

of  soot  might  be  somewhat  higher  “  °  °  ° 

since  the  sampling  efficiency  for  _ ^ _ • _ 

very  small  soot  particles  on  the 

glass  plate  is  not  100%.  ^ 

Flames  No.  2  and  6  have  almost  '  —  -e - ^ 

the  same  temperature  profiles  be-  '  ® 

tween  20  anu  40  mm  above  the  bur- 

ner.  Their  fractions  of  charged  0* - - ' - ' - ■ - ■ - <— 

soot  are  also  very  similar,  while  ^ 

the  total  soot  concentration  is  larger  Heghl  above  fbe  burner /mm 

by  a  factor  of  3  to  4  in  the  flame 

with  the  higher  C/0  ratio.  Flames 

No. 2  and  5  do  not  differ  very  much  Fig.  5.  Same  as  in  Fig.  4  for  flames  No.  4 

in  their  total  soot  concentration.  (dashed  lines)  and  6  (solid  lines) 

However,  the  temperature  in  flame  No. 

5  is  higher  and  so  is  the  fraction  of  positively  charged  soot.  Thus,  the  fraction  of 
charged  soot  in  different  flames  is  more  strongly  correlated  to  the  temperature  than  to 
the  total  soot  concentration.  That  in  one  and  the  same  flame  there  seems  to  be  quite  a 
different  correlation  (increasing  fraction  of  charged  soot  with  increasing  soot  concen¬ 
tration  and  decreasing  temperature)  is  not  true. 


5.  Same  as  in  Fig. 4  for  flames  No.  4 
(dashed  lines)  and  6  (solid  lines) 
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To  explain  it  the  change  of  number  density,  size  of  the  soot  particles,  and  the  number  den¬ 
sity  of  all  ionized  species  in  a  flame  has  to  be  taken  into  consideration. 


Fig.  6.  Profiles  of  relative 
total  soot  volume 
fractions  from  the 
deposits  on  the  glass 
plate  for  flames 
No.'s  1-6  (see  table). 


Approximate  Mass  Distribution  Curves  for  Large  Charged  Soot  Particles 


From  the  absorption  pattern  of  the  deposits  on  the  glass  plate  a  rough  mass  distribution 
of  the  heavy  charged  particles  can  be  obtained. 

For  the  deflection  of  a  beam  of  charged  particles  of  mass  m  and  charge  0  in  the  homoge¬ 
neous  field  between  two  plate  electrodes  the  following  equation  holds  for  the  distance  r 
(from  the  center  of  the  beam  of  neutral  particles)  where  the  charged  particles  hit  the 
glass  plate 

r  =  U  Q  1  L 
m  d 


Herein  is  U  the  voltage,  d  the  distance  between  the  electrodes,  1  the  length  of  the  capaci¬ 
tor  and  L  the  distance  between  the  middle  of  the  capacitor  and  the  glass  plate.  An  exact 
evaluation  of  m  according  to  this  formula  is  difficult  since  the  velocity  distribution  of 
the  large  particles  in  the  beam  is  not  )tnown  with  sufficient  accuracy.  v(m)  has  been  esti¬ 
mated  from  the  measured  mean  velocity  of  Cs'*'  in  the  beam  (5)  and  the  results  of  the  seeded 
beam  theory  for  large  particles  [14,15J.  In  Figure  7  a  mass  distribution  for  charged  soot 


from  the  glass  plate  deposits  is  shown. 
Because  of  the  uncertainties  in  v  and  the 
neglect  of  the  beam  width  this  distribu¬ 
tions  are  not  exact.  The  real  distributions 
should  be  somewhat  narrower.  However,  the 
curves  show  that  there  is  no  appreciable 
difference  in  mass  of  positively  and  nega¬ 
tively  charged  soot  particles.  The  average 
diameters  calculated  for  a  density  of  2  g 
cm”'*  are  also  about  the  same  as  those  ob¬ 
tained  from  optical  measurements  on  soot 
at  this  height  of  the  flame.  In  an  earlier 
work  an  overestlraation  of  the  particle 
velocity  in  the  beam  lead  to  the  conclu¬ 
sion  that  charged  soot  part  cles  in  C2Hi  - 
Oi -flames  are  smaller  than  neutral  ones.  It 
is  believed  now  that  if  there  is  any  dif¬ 
ference  in  size  it  must  be  much  smaller 
than  assumed  previously .Thus,  one  may  con¬ 
clude  that  for  the  comparatively  low  degree 
of  ionization  in  flames  not  seeded  with 
alkali  salts  the  charge  has  no  influence 
on  the  growth  of  the  soot  particles. 


Abundance  /Arbitrary  units 


Fig.  7.  Approximate  mass  distribution  for 

large  charged  soot  particles  from  a 
height  of  40  mm  above  the  burner  in 
flame  No.  6 
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Mass  Distribution  in  the  First  Stage  of  Soot  Formation 

The  development  of  the  mass  distribution  of  charged  particles  in  the  very  first  stage 
of  soot  formation  can  be  seen  from  the  results  obtained  with  the  electrostatic  mass  filter 
(Fig.  2).  This  stage  corresponds  to  a  flame  zone  between  about  13  and  17  mm  above  the  bur¬ 
ner  in  most  of  these  flames  (except  flame  No.  3) .  Here,  most  of  the  charged  particles  have 
masses  of  a  few  thousand  mass  units  and  only  a  small  fraction  of  them  has  already  gained 
more  mass  to  be  detected  by  the  glass  plate  method.  In  this  stage  the  positive  soot  ions 
have  a  distinctly  larger  mass  on  the  average  than  the  negative  ions.  An  appreciable  part 
of  the  negative  ions  even  has  masses  below  10*  mass  units.  Another  part  of  the  negative 
charge  carriers  consists  of  free  electrons.  The  reason  for  this  lies  in  the  mechanism  of 
soot  charging  which  takes  place  in  this  early  stage  of  soot  formation.  From  these  results 
is  can  also  be  seen  that  the  difference  between  the  volume  fraction  of  positively  and  ne¬ 
gatively  charged  soot  in  the  high  temperature  flames  must  be  due  to  the  presence  of  small 
negative  soot  ions  and  free  electrons  which  do  not  deposit  on  the  glass. 


Benzene  Flames 

When  benzene-oxygen  flames  were  sampled  no  deposits  due  to  charged  soot  particles  could 
be  detected  on  the  glass  plate,  even  with  flames  in  which  the  soot  concentration  was 
higher  than  in  the  strongly  sooting  C2H2-O2  -flames.  This  astonishing  fact,  however,  was 
not  quite  unexpected  since  measurements  with  the  electrostatic  mass  filter  had  shown  that 
there  are  practically  no  soot  ions  with  masses  larger  than  about  5000  u  in  a  benzene  flame. 

There  is  a  strong  increase  in  ionization  between  10  and  15  mm  above  the  burner  of  par¬ 
ticles  having  masses  between  some  hundred  and  about  4-10*  mass  units  (5,7).  But  these 
charged  particles  do  not  grow  (see  Fig.  8). 


Fig.  8.  Mass  distributions  of  positive  and  negative  soot  ions  in  a  flat  CjHs  -O2  -flame. 

C/0  =  0.82,  p  =  27  rabar,  Vq  =  44  cm  s“*  . 

In  fact,  the  average  mass  of  these  positive  soot  Ions  decreases  with  the  height  above  the 
burner  in  contrast  to  the  growth  of  charged  particles  in  acetylene  flames.  In  other 
respects  there  are  similarities  in  the  mass  distribution  of  small  soot  ions  in  acetylene 
and  benzene  flames.  At  least  two  groups  of  positive  and  negative  ions  differing  in  mass  can 
be  distinguished.  The  mass  spectra  of  positive  ions  in  benzene  fleunes  look  more  complicated 
and  suggest  that  there  might  be  three  different  groups  of  ions 

1)  small  molecular  and  radical  ions  from  the  oxidation  zone 

2)  ions  in  the  range  300  -  500  u  and 

3)  ions  covering  a  broader  mass  range  from  500  -  4000  u. 

The  absence  of  charged  particles  of  larger  mass  is  surprising  since  in  flames  of  acetylene 
and  benzene  that  have  the  same  concentration  of  soot  in  the  burned  gas  the  temperature  of 
the  benzene  flame  is  higher.  The  diffuseness  of  the  neutral  soot  deposit  on  the  glass  plate 
is  an  indication  that  in  benzene  fl^unes  soot  formation  starts  with  a  relatively  high  number 
density  of  very  small  particles  which  coagulate.  Conversely,  in  acetylene  flames  the  initial 
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number  density  is  smaller,  but  the  rate  of  particle  growth  by  surface  reaction  is  larger, 
leading  finally  to  the  same  amount  of  soot  for  the  respective  initial  C/O-ratios. 


DISCUSSION 

From  the  existence  of  charged  soot  particles  in  hydrocarbon  flames  and  their  growth  or 
disappearance,  respectively,  more  can  be  learned  about  the  complicated  process  of  carbon 
formation  in  flames.  On  the  other  hand,  the  additional  facilities  to  manipulate  charged 
particles  and  to  influence  their  state  and  degree  of  charging  can  be  profitably  used  for 
analytical  purposes  and  to  control  the  eunount  and  the  state  of  carbon  formed  in  flames. 


General  Mechanism  of  Soot  Formation 

The  behaviour  of  charged  soot  particles  shall  be  discussed  within  the  more  general  frame 
of  processes  occuring  in  a  premixed  sooting  flame.  Through  pyrolytic  and  oxidative  reac¬ 
tions  in  the  main  reaction  zone  of  the  flame  a  number  density  of  particles  of  hydrocarbon- 
type  in  the  mass  range  between  some  hundred  and  about  one  thousand  mass  units  is  formed  at 
the  end  of  the  oxidation  zone.  These  are  sometimes  called  nuclei  for  soot  particles  or  pri¬ 
mary  particles.  These  primary  particles  grow  by  surface  reactions  with  reactive,  mainly 
unsaturated  hydrocarbons  and  their  radicals  from  the  gas  phase  and  simultaneously  coagulate. 
Through  the  former  process  the  total  amount  of  soot  increases  with  increasing  height  in  the 
flame  or  reaction  time,  respectively.  The  latter  process  causes  a  rapid  decrease  in  par¬ 
ticle  number  density  and  an  increase  in  the  size  of  the  particles  without  influencing  the 
total  amount  of  soot.  The  random  coagulation  of  the  particles  causes  a  certain  distribution 
in  particle  size  which  has  often  been  described  as  a  log-normal  distribution.  In  low  pres¬ 
sure  flames,  such  as  these,  the  process  of  soot  formation  ends  with  the  formation  of  quasl- 
spherical  particles  having  diameters  between  about  10  and  20  nm.  In  normal  flames  at  at¬ 
mospheric  pressure  the  single  particles  can  grow  larger  and  they  stick  together  in  chain- 
like  or  grape-like  irregular  clusters. 

Whereas  the  coagulation  law  which  governs  the  decrease  in  number  density  is  well  under¬ 
stood  the  largest  uncertainties  in  interpreting  or  predicting  the  amount  of  soot  formed 
in  the  flame  lies  in  the  number  density  of  the  primary  particles  and  in  the  individual 
rates  with  which  different  gas  phase  species  undergo  surface  reactions  on  the  growing  soot 
particles.  The  number  density  curve  must  necessarily  go  through  an  early  maximum.  The 
position  and  the  height  of  this  maximum,  however,  depends  on  how  exact  number  densities 
of  small  particles  can  be  determined. The  beginning  of  this  curve  is  also  dependent  on  how 
primary  particles  are  defined  or  in  other  words  where  one  sees  the  transition  between 
a  large  molecule  and  a  primary  soot  particle  on  a  mass  or  diameter  scale. 

Mass  spectrometry  in  combination  with  gaschromatography  has  been  used  to  analyze  hydro¬ 
carbons  with  masses  of  some  hundred  mass  units  and  to  determine  their  concentration.  This 
is  difficult  for  molecules  with  m  >  300  u.  Moreover,  not  all  large  hydrocarbon  molecules 
can  be  considered  as  primary  soot  particles  or  their  direct  predecessors.  There  is  evi¬ 
dence  that  mainly  hydrocarbon  radicals  in  the  mass  range  10'u<m<  10*u  should  be  con- 
sWered  as  potential  primary  particles.  Mass  analysis  of  electrically  charged  soot  particles 
together  with  measurements  of  their  volume  fraction  and  number  density  can  give  additional 
Information  on  the  number  density  of  primary  soot  particles  and  on  the  character  of  the 
surface  reactions.  Through  these  experiments  the  smallest  soot  particles  are  defined  as 
those  that  have  gained  a  mass  of  a  few  thousand  atomic  mass  units  and  whose  ionization 
potential  has  become  as  low  as  about  4.8  to  5  eV  so  that  they  can  be  ionized  much  easier 
than  large  hydrocarbon  molecules  (51.  Total  soot  volume  fractions  calculated  from  those 
of  charged  particles  and  their  mass  should  be  compared  to  volume  fractions  obtained  with 
other  methods. 


Calculation  of  Total  Number  Density  and  Soot  Volume  Fraction 
For  the  total  soot  volume  fraction  4s  the  relation 
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holds  where  Cg  is  the  total  number  density  of  soot  particles,  <mg>  the  number  average  mass 
and  the  density  of  the  single  soot  particle.  Since  fg  Is  certainly  the  same  for  charged 
and  neutral  particles  the  ratio  of  the  volume  fraction  of  positively  charged  particles,  ♦,., 
to  the  total  volume  fraction  Is 
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where  l8  the  number  denelty  of  poeltive  eoot  lone  and  <m^>  their  average  maae.  If  <m^>* 
<mg>(8ee  above)  then  Cg  can  be  determined  from  a  meaaurement  of  and  4+/4g.Pig.  9  glvea 
a  profile  of  Cg  along  the  height  In  the  flame  obtained  from  a  previoua  meaaureaMnt  of  C^. 
(5,71  and  the  reported  relative  aoot  volume  fraction  of  poaltlvely  charged  partlclea 
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for  flame  No.  6.  It  shows  that  Cg  is  about  Number  VclumM' .r  Non  A  ,  ic' 

2- 10' ‘cm'*  at  a  height  where  soot  formation 
begins  in  this  flame.  The  total  number  densi 
ty  of  hydrocarbon  molecules  in  the  mass 
range  from  about  200  to  600  u  is  of  the 
order  of  10' ^  cm''  at  this  height  in  the 
flame  [16,17].  In  view  of  the  fact  that  not 
all  of  these  hydrocarbon  molecules  are  trans 
formed  into  soot  but  form  the  comparatively 
stable  aromatic  hydrocarbons  such  as  pyrene, 
chrysene  or  coronene  etc.  a  number  density 
of  2-10''  is  a  reasonable  figure  for  nuclei 
of  soot  particles  in  this  acety lene-oxygen- 
f  lame. 

The  mass  analysis  of  charged  particles 
gives  an  average  mass  of  about  S.IO®  u 
for  soot  particles  at  a  height  of  40  mm 
in  this  flame.  This  corresponds  to  a  total 
soot  volume  fraction  ig  of  3.8- 10“’  if  a 
density  of  2  g  cm~’  is  adopted  for  the  soot. 

For  comparison  ,  from  optical  measurements 
by  Bonne  et  al.  a  value  of  4.5-10“’  for  4g 
can  be  interpolated  for  an  C2H2-02-f lame 
burning  under  these  conditions  (10).  Taking 
this  figure  as  a  benchmark  a  profile  of  »g 
can  be  obtained  from  the  total  deposits 
on  the  glass  plate.  As  very  small  soot 
particles  are  not  collected  with  100% 
efficiency  on  the  glass  this  curve  must  be 
extrapolated  to  a  height  of  13  to  14  mm 
where  soot  formation  begins  according  to 
optical  measurements.  From  the  tg  and  Cg-curves  the  growth  of  the  average  mass  of  the  soot 
particles  can  be  calculated.  It  starts  from  5-10’  u  (17  mm)  over  17- 10’  u  (20  mm)  , 

145-10’  u  (30  mm)  to  about  500-10’  u  at  40  mm  above  the  burner.  For  the  lower  heights  this 
result  is  confirmed  through  a  mass  determination  with  the  electrostatic  mass  filter.  A 
smoothed  curve  for  the  diameters  corresponding  to  these  average  masses  of  spherical  par¬ 
ticles  is  also  shown  in  Fig.  9.  This  result  is  in  line  with  earlier  optical  and  electron 
microscopic  measurements  on  low  pressure  CaHj-Oi-flames  (10,11,18). 

When  the  cold  gas  velocity  of  the  flame  is  lowered  keeping  the  C/0  ratio  constant  there 
is  a  strong  increase  in  the  amount  of  soot  formed  while  the  flame  temperature  decreases. 

It  has  been  shown  in  a  previous  work  that  there  is  an  increase  by  a  factor  of  5  in  the 
maximum  number  density  of  positively  charged  particles  when  the  cold  gas  velocity  is  lowered 
from  50  to  30  cms“’(91.  Since  the  volume  fraction  of  the  positively  charged  soot  decreases 
in  the  flames  with  lower  flow  velocity  and  temperature  this  means  that  the  larger  amount 
of  soot  is  largely  due  to  an  increased  number  density  of  primary  soot  particles. 

In  a  benzene-oxygen  flame  that  forms  the  same  amount  of  soot  in  the  burned  gas  the  situa¬ 
tion  is  different.  Since  at  a  height  of  e.g.  40  mm  above  the  burner  <m+>  is  very  much 
smaller  than  <rag>  and  'f  +  /4g  is  too  small  to  be  measured  the  profile  of  Cg  cannot  be  deter¬ 
mined  from  that  of  C+.  However,  the  maximum  C.  at  a  height  of  15  mm  is  about  two  times 
larger  than  that  in  the  corresponding  C2H2-02-f lame  [5.7).  In  this  zone  of  the  benzene 
flame  <mg>  cannot  be  so  much  larger  than  <m+>,  as  it  is  at  larger  heights.  That  is 

not  measurable  means  that  it  is  smaller  at  least  by  a  factor  of  five  than  that  at  tne  be¬ 
ginning  of  soot  formation  in  C2H2-f lames.  Taking  together  these  results  leads  to  the  con¬ 
clusion  that  the  number  density  of  primary  soot  particles  in  the  benzene  flame 

is  larger  at  least  by  a  factor  of  ten  than  in  the  acetylene  flame  that  forms  the  same  amount 
of  soot.  This  is  in  line  with  the  much  higher  concentration  of  large  cyclic  hydrocarlxjns 
in  benzene  flames  (17,19).  Thus,  a  larger  amount  of  the  finally  formed  soot  is  already 
present  in  the  primary  particles  and  less  is  formed  through  surface  reactions  from  the  gas 
phase  hydrocarbons. 
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Fig.  9.  Number  densities  of  positively  charged 
soot  particles  C+,  total  number  densi¬ 
ty  Cg,  total  soot  volume  fraction  tg 
and  average  particle  diameters  D  in 
flame  No.  6. 


Ionization  of  Particles  and  its  Role  in  the  Mechanism  of  Soot  Formation 

It  has  been  argued  that  molecular  or  radical  hydrocarbon  ions  are  the  nuclei  for  soot 
particles  [3,4].  The  profile  of  the  total  number  density  and  that  of  the  positively  charged 
soot  particles  in  Fig.  9  shows  that  this  cannot  be  true.  In  the  zone  of  Incipient  soot  for¬ 
mation  the  number  density  of  neutral  soot  particles  by  far  outweighs  that  of  the  charged 
ones.  In  fact,  the  production  of  charged  particles  starts  when  the  surface  growth  and  the 
coagulation  of  the  neutrals  has  already  begun.  Its  maximum  rate  is  reached  when  the  par¬ 
ticles  have  grown  to  an  average  mass  of  about  6-10^  u  in  acetylene  flames  and  between 
5-10’  and  1.5-10’  in  benzene  fleunes.  The  mass  distributions  also  show  that  this  ionization 
takes  place  Independently  from  the  chemi ionization  of  small  molecules  and  radicals  that 
can  be  traced  back  into  the  oxidation  zone.  Soot  ions  are  directly  formed  from  neutral  pri¬ 
mary  soot  particles  and  do  not  come  from  small  molecular  ions  such  as  CjH'’,  by  addition  of 
unsaturated  hydrocarbons  as  it  has  been  postulated  (4). 

The  mechanism  of  charging  is  still  an  unsolved  question.  The  shape  of  the  C^-proflle 
in  C2H2- flames  above  a  height  of  20  mm  when  compared  to  that  of  the  C,-prof lie, suggests 
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that  there  is  equilibrium  ionization.  In  fact,  this  part  of  the  C,.-profile  can  well  be 
simulated  by  use  of  the  Saha  equation,  assuming  a  work  function  for  soot  of  5  eV  and  an 
estimated  free  electron  number  density  that  is  about  1/10  of  [5J  .  If  this  is  really 

a  state  of  equilibrated  ionization  that  is  maintained  while  the  particles  grow  and  coagu¬ 
late,  it  can  only  be  reached  and  maintained  fast  enough  from  a  state  of  non-equilibrium 
over- ionization  by  recombination  with  negative  charge  carriers.  A  purely  thermal  ioniza¬ 
tion  process  from  neutral  particles  by  collisions  is  by  far  too  slow  [201.  This  explains 
the  absence  of  charged  soot  particles  in  the  even  hotter  benzene  flame.  The  equilibrium 
calculations  on  C^H^-flames,  however,  cannot  explain  the  rate  of  formation  and  the  high 
number  density  of  soot  ions  below  a  height  of  20  mm  in  the  flame.  Therefore,  the  question 
remains  how  these  soot  ions  and  the  ones  with  still  smaller  mass  in  benzene  flames  are 
formed  and  why  the  charge  is  no  longer  found  on  larger  soot  particles  in  benzene  flames. 

The  charging  takes  place  in  a  flame  zone  where  there  is  a  rapid  growth  of  the  primary 
soot  particles  through  reactions  with  gas  phase  species.  Moreover,  this  flame  zone  is 
directly  behind  the  oxidation  zone  in  the  case  of  C^Hj  flames  and  even  partly  overlaps 
with  it  in  benzene  flames.  In  -flames  this  zone  is  somewhat  thicker  including  par¬ 

ticles  up  to  more  than  2- 10“  mass  units  whereas  in  benzene  flames  it  is  quite  narrow  pro¬ 
ducing  a  greater  number  density  of  primary  soot  particles  that  are  smaller  on  the  average. 
Here  they  reach  masses  of  several  hundred  to  a  few  thousand  mass  units  before  a  more  ef¬ 
fective  growth  through  coagulation  is  the  dominant  process.  The  thickness  of  the  zone  of 
strong  ionization  corresponds  to  this  flame  zone  in  both  flames.  It  is  close  enough  to 
the  main  reaction  zone  so  that  there  are  still  relatively  high  concentrations  of  free 
hydrocarbon  radicals.  There  also  is  a  rapid  decrease  of  the  concentrations  of  polyacety- 
Icnes  in  the  acetylene  flame  and  an  even  stronger  decrease  of  polyacetylenes  and  many  poly¬ 
cyclic  hydrocarbons  in  the  benzene  flame.  Since  the  reactions  of  these  gas  phase  species 
with  the  primary  soot  particles  and  their  predecessors  are  highly  exothermic,  it  must  be 
assumed  that  the  primary  soot  particles  have  a  higher  temperature  than  the  surrounding  gas 
phase.  Estimations  of  the  energy  balance  of  small  soot  particles  show  that  their  main 
energy  loss  is  through  radiation.  However,  since  these  small  particles  have  an  emission 
coefficient  that  is  much  smaller  than  that  of  a  black  body  (101,  they  can  easily  reach 
temperatures  a  few  hundred  degrees  in  excess  of  the  surrounding  gas  temperature  if  it  is 
assumed  that  polyacetylenes  and  large  free  radicals  are  the  reactants.  It  is  not  possible 
to  make  more  exact  energy  balance  calculations  since  it  is  not  yet  known  which  gas  phase 
species  mainly  contribute  to  the  mass  growth  of  the  primary  soot  particles  and  what  the 
individual  reaction  rates  and  their  energies  of  activation  are.  In  benzene  flames  this 
process  takes  place  with  very  small  soot  particles  that  still  have  a  higher  ionization 
potential  than  the  larger  ones  formed  later.  Accordingly,  there  is  a  rapid  decrease, after 
a  steep  maximum  in  the  concentration  of  these  small  soot  ions, through  recombination  of  po¬ 
sitive  and  negative  charge  carriers  when  the  process  of  growth  through  gas  phase  species 
slows  down.  This  rapid  decrease  in  ionization  has  been  measured  [5,7)  and  takes  place  where 
the  concentration  of  some  gas  phase  species  has  fallen  to  very  low  values  (17).  Since  the 
ext  phase  of  particle  growth  is  dominated  by  coagulation  which  also  causes  recombination 
of  charges,  no  large  charged  soot  particles  can  be  formed.  The  addition  of  the  remaining 
very  small  soot  ions  to  larger  soot  particles  is  a  very  slow  process  because  of  the  low 
number  densities  of  both  kinds  of  species. 

In  acetylene  flames  the  process  of  surface  growth  is  not  completed  when  the  soot  par¬ 
ticles  have  reached  some  thousand  mass  units.  Since  the  number  density  of  primary  soot 
particles  is  not  as  high  as  in  benzene  flames  the  gas  phase  is  not  swept  empty  of  those 
hydrocarbons  and  radicals  in  such  a  short  time  as  in  benzene  flames.  Thus,  the  process  of 
surface  growth  and  therefore  ionization  continues  to  larger  mass  particles  and 

the  charged  particlesthanselves  can  also  grow  larger  by  surface  reactions.  Since  the  ioni¬ 
zation  potential  of  these  larger  particles  is  lower,  growth  of  particles  can  take  up  with 
charge  recombination.  This  is  the  reason  why  large  charged  particles  of  about  the  same 
mass  as  neutral  are  found  in  acetylene  flames  but  not  in  benzene  flames.  The  formation  of 
negatively  charged  particles  is  difficult  to  discuss  without  knowing  the  profile  of  free 
electron  concentration  in  the  flame.  In  the  region  of  primary  soot  particle  ionization 
negative  ions  are  smaller  than  positive  soot  ions.  They  are  probably  formed  through  the 
addition  of  free  electrons  to  the  neutral  gas  phase  species.  However,  a  simultaneous  for¬ 
mation  of  a  positive  soot  ion  and  a  smaller  negative  ion  may  also  be  possible.  The  pres¬ 
ence  of  large  negatively  charged  soot  particles  in  acetylene  flames  was  revealed  by  the 
glass  plate  method.  From  previous  measurements  with  the  electrostatic  mass  filter  alone 
it  was  concluded  that  negative  soot  ions  do  not  grow.  This  could  only  be  confirmed  for 
benzene  flames  but  they  grow  in  almost  the  same  way  as  positive  soot  ions  in  acetylene 
flames. 
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SUMMARY 

^The  main  pollutants  formed  in  thermal  systems  are  soot,  cenospheres,  polyaromatic 
hydrocarbons  and  cyclic  molecules  including  heteroelements  such  as  oxygen  and  nitrogen. 
PAH  are  produced  through  reactions  between  aromatic  and  unsaturated  aliphatic  structures 
PAH  are  intermediate  species  in  soot  formation.  Some  PAH,  however,  remain  in  flames  and 
can  be  adsorbed  on  soot  particles.  In  flames,  hydroxyl  radicals  are  responsible  for  soot 
post-combustion.  Some  practical  results  on  soot  production  in  turbines  are  reviewed. 


Burning  hydrocarbons  give  off  organic  particles  consisting  of  complex  mixtures.  They 
can  be  described  as  solid  particles,  on  which  polyaromatic  molecules  (hydrocarbons  and 
molecules  containing  heteroelements)  are  adsorbed.  These  particles  may  be  classified  under 
2  heads  s 

-  the  cenospheres  :  particles  of  a  few  tens  of  um,  mostly  hollow  and  resulting  from  pro¬ 
cesses  of  liquid  phase  carbonization. 

-  soot,  occuring  as  spherule  aggregates  of  a  few  tens  of  um,  resulting  from  gas  phase  car¬ 
bonization.  The  present  lecture  is  only  concerned  with  soot. 

In  a  flame  soot  results  from  extremely  rapid  processes,  typically  in  the  5-10  ms 
range.  Its  appearance  is  always  preceded  by  the  formation  of  polyaromatic  hydrocarbons. 

In  a  first  part,  it  will  put  forth  arguments  supporting  the  view  that  polyaromatic  hydro¬ 
carbons  are  precursors  of  soot,  and  not  polyacetylene. 

Although  no  direct  experimental  evidence  for  this  role  of  PAH  in  flames  was  ever 
found,  many  observations  bear  out  this  statement  in  all  systems  investigated,  in  order  of 
increasing  complexity  : 

-  thermal  systems 

-  laminar  premixed  flames 

-  diffusion  flames. 

In  all  these  systems  a  PAH  peak  precedes  soot  formation.  Let  us  review  a  few  exam¬ 
ples  . 

I .  The  role  of  polyaromatic  hydrocarbons  in  soot  formation 

-  Pxrol^sis_in_the_absence_qf _oxY3en 

Soot  particles  can  be  formed  by  inert  atmosphere  pyrolysis  of  hydrocarbons,  a  process 
used  in  the  manufacture  of  certain  carbon  blacks  (thermal  blacks).  It,  probably,  also 
takes  place  Inside  diffusion  flames,  where  the  quantity  of  oxygen-containing  compounds  is 
very  low.  Figure  1  shows  the  results  in  the  case  of  benzene  (1)  . 

In  this  system,  we  were  able  to  make  an  accurate  balance,  and  to  prove  clearly  that 
tars  (PAHg  for  the  most  part),  or  at  least  most  of  them,  are  soot  formation  intermediates. 

-  Prsmixed_f lajjes 

In  the  case  of  toluene  flame  (2) ,  the  intermediates  were  taken  with  a  quartz  micro- 
probe  ;  a  very  prominent  peak,  corresponding  to  products  which  were  extracted  with  methy¬ 
lene-chloride,  appears  at  about  2  mm  above  the  burner  (Figure  2) . 

The  concentration  peak  coincides  with  the  appearance  of  a  yellow  brilliance,  pointing 
to  soot  formation.  It  should  be  observed  that,  later  on,  the  PAH  concentration  Increases 
slightly  with  the  height  above  the  burner. 

Similar  peaks  have  been  reported  by  others  (3,4)  for  aliphatic  and  aromatic  flames. 

It  is  worthy  of  note,  however,  that  in  the  case  of  aliphatic  hydrocarbons  the  maxi¬ 
mum  is  less  pronounced  than  for  aromatic  hydrocarbons.  In  some  cases  no  peak  has  been 
recorded  ( 5 ) . 

■  if5?Si25E_^iff35i22_f  iSSJSS 

Another  example,  demonstrating  the  fastness  of  the  process  and  the  role  of  PAH'S  is 
provided  by  diffusion  flames.  In  this  case,  because  of  the  small  size  of  the  flame  front, 
the  characterization  requires  the  use  of  optical  methods,  such  as  ;  laser  diffusion  (soot) 
and  laser  fluorescence  (PAH^)  . 

It  is,  thus,  possible  to  determine  accurately  the  areas  where  these  compounds  are  for' 
med  and  destroyed.  PAH  are  formed  very  rapidly,  in  an  area  where  the  tenperature  is  only 
around  SOO'C,  ® 


Fig.  3  -  Axial  profiles  of  scattering  (  b)  and  fluorescence  (  6)  intensities 

The  PAH  decrease  is  accompanied  by  soot  formation.  Similar  results  were  reported 
by  d'A]essio“et  al .  (  7) 

It  is  worth  mentioning  turbulent  diffusion  flames,  for  which  quite  similar  results 
were  recorded.  (8) 

Clearly,  in  all  these  examples  PAH  formation  takes  place  before  soot  formation, 
and  the  local  PAH  concentration  is  in  process  of  decrease  when  soot  formation  begins. 

If  PAHg  are  the  intermediates  of  soot,  one  can  understand  soot  formation  and  set  up 
a  model  for  its  kinetics  only  if  one  understands  the  formation  of  PAH  .  Accordingly,  it 
is  worth  while  to  sum  up  our  knowledge  of  PAH  formation,  as  it  will  fermit  to  draw 
certain  inferences  on  soot  formation. 


I I .  The  mechanism  of  polyaromatic  hydrocarbons  formation 

We  have  mentioned  that  PAH  are  formed  in  flames  within  a  few  ms.  Various  mechanisms 
have  been  suggested  in  the  literature,  notably  : 

-  the  cyclization  of  polyacetylenes. 

-  the  direct  addition  of  cycles  in  the  case  of  aromatic  hydrocarbons. 

-  the  possible  role  of  ions . 

The  state  of  the  art  will  be  given,  the  main  attention  being  focussed  on  recent  work 
by  J.D.  Bittner  and  J.B  Howard  (9) . 


1 )  T!2S_  _2  f_E9  is  _!li^S2S9E92D5 

Data  recorded  by  Bittner  provide  a  clearer  Insight  into  the  role  of  aromatic  rings 
when  soot  formation  tcikes  place.  The  purpose  of  the  study  was  to  clear  up  the  mechanism 
of  disruption  of  aromatic  rings,  and  also  to  Investigate  the  role  of  these  rings  on  soot 
and  PAH  formation  in  a  premixed  flame  at  low-pressure.  The  flame  investigated  was  a 
benzene-oxygen-argon  flame  ;  fuel  equivalence  ratio  :  1.8  ;  pressure  :  20  torr. 


The  primary  products  of  aromatic  ring  disruption  are  C,H,0  and  C,H  .  The  following 
mechanism,  which,  basically  Involves  an  attack  of  benzene  by  “oxygen  °  atoms,  agrees 
with  the  experimental  data  : 
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Disruption  of  the  aromatic  ring  has  far-reaching  implications,  as  it  provides  a 
means  for  reducing  soot  formation  when  burning  aromatic  fuel.  Indeed,  it  was  observed 
that  the  aromatic  ring  itself,  and  not  its  break-down  products,  accounts  for  the  strong 
tendency  of  aromatic  fuels  to  produce  soot. 

In  figure  4  the  relative  concentration  of  species  with  a  molecular  weight  higher 
than  700  amu  are  plotted  for  2  fuel  equivalence  ratios  :  1.8  and  2.0. 


Fig .  4 


Relative  intensities  of  signals  vs.  height  above  burner  (□)  species  larger  than 
mass  200,  species  larger  than  mass  700,  near  sooting 
(0  =  1.8)  benz^e  (13.5  m%)  -  oxygen  (56.5  m%)  -  argon  (30.0^m%)  flame. 

(o)  benzene  (14.7  m%)  -  oxygen  (55.3  m%)  -  argon  (30.0  m%)  flame. 

Pressure  =  2.67  kPa  (20  torr)  ,  cold  gas  velocity  =  0.5  m/s  for  both  0  =  2.0  flames. 
Shaded  region  at  13  mm  designates  blue-orange  boundary  in  sooting  (0  =  2.0)  flames. 
(Ref.  9) 


The  orange  brilliance,  which  is  characteristic  of  soots,  appears  for  0=1.9  under 
these  conditions.  It  was  observed  that  the  nunJser  of  molecules  with  a  high  molecular 
weight  increases  rapidly  and  decreases  as  rapidly  when  soot  is  formed  (''-13  mm)  .  The 
maximum  is  100  times  larger  than  for  a  flame  with  no  soot  formation. 

All  the  results  recorded  by  J.D.  Bittner  and  J.B.  Howard  (  9  )  show  that  the  role  of  the 
aromatic  ring  is  to  provide  a  structure  making  the  stabilization  of  non-aromatic  addition 
products  more  rapid  than  the  reverse  decomposition  to  the  starting  reagents. 

Mass  addition  to  the  system  is  probably  due,  for  the  most  part,  to  non-aromatic 
species,  such  as  acetylene  or  vinyl  acetylene  (polyacetylenes  are  incapable  of  cyclizing 
without  preliminary  hydrogenation) . 

Of  course,  flame  reactions  are  controlled  by  a  chemistry  of  free  radicals  and  soot 
has,  furthermore,  a  radical  character  directly  after  being  formed.  It  follows,  therefrom, 
that  radical  mechanisms  have  frequently  been  suggested  for  soot  and  PAH^  formation. 

Three  conditions  are  required  if  a  radical  mechanism  is  to  explain  the  rapid  growth 
of  the  species  : 

-  the  product  resulting  from  the  addition  reaction  should  be  rapidly  stabilized,  to 
prevent  the  reverse  decomposition. 

-  the  radical  character  should  either  be  retained  or  rapidly  regenerated. 

-  the  reactions  should  involve  species  at  comparatively  high  concentrations. 

Thermodynamic  and  kinetic  facts,  together  with  the  previous  criteria,  medce  it  pos¬ 
sible  to  suggest  a  consistent  mechanism  (Table  I  and  TeU^le  II). 

The  process  starts  with  vinylacetylene  addition  to  the  phenyl  radical,  which  yields 
naphtalene.  The  added  vinylacetylene  can  cycllze  through  a  sequence  of  very  rapid  uni- 
molecular  reactions. 

The  cis-trans  isomerization  is  the  slow  step  of  this  sequence.  Subsequent  reactions 
may  Include  the  formation  of  a  benzyl-type  radical  by  substitution  of  a  methyl  radical  at 
the  Tc  position  of  the  naphtalene  and  2d}Stractlon  of  one  hydrogen.  C.H,  addition  to  this 
radical  leads  to  cycllzatlon  through  a  reaction  of  Internal  substitution.  The  process 


proceeds  further  by  substitution  of  a  methyl,  loss  of  hydroqen,  C^H  addition  and  uniiro- 
lecular  loss  of  hydroqen,  thus  yielding  pyrene.  As  both  the  reactivity  during  the  subs¬ 
titution  by  a  methyl,  and  the  number  of  possible  reactive  sites  increase  with  the  size 
of  the  molecule,  one  arrives  at  an  autocataly tic  pruess  leading  to  soot  formation.  (9) 

In  this  mechanism,  the  growth  kinetics  depends  on  the  concentrations  of  CH',  C,H  , 

H  and  OH.  This  accounts  for  the  marked  tendency  of  alkylated  aromatics  to  soot  formation. 
For  example  : 

-  toluene  produces  soot  at  a  lower  fuel  equivalence  ratio  than  benzene  in  a  prem’xed 
flame .  ( '9) 

-  toluene  produces  soot  at  a  lower  flow-rate  than  benzene  in  a  laminar  diffusion  f lame £1 1 , 12) 

-  during  acetylene  pyrolysis,  the  efficiencies  of  the  following  molecules  in  soot  forma¬ 
tion  increase  in  the  sequence  : 

Benzene  <■  naphtalene  <  toluene  r  <-methyl-naphtalene  <  anthracene  <<  methylanthracene .  ( 1 31 

-  the  limits  of  soot  emission  in  a  perfectly  stirred  combustor  are  as  follows  : 
toluene  (1.39)  >  xylenes  (1.3)  >  t-methylnaphtalene  (1. 21). (14) 


If  one  compares  the  structures  of  a  benzene  flame  (0  1.8,  limit  of  soot  formation) 
and  an  acetylene  flame  (0  =  3.0,  soot  formation),  it  is  apparent  that  (Figure  5)  in 
both  flames,  PAH  with  comparative  low  masses  for  benzene,  for  acety¬ 

lene)  exhibit  a  Maximum  in  the  presence  of  benzene , *Kear  the  maximum^Sf ^°C,H .  and 
before  the  maximum  of  higher  masses.  ’ 

=  1  8  Benzene  Flame  0=30  Acetylene  Flame 


Fig.  5  -  Mole  fractions  of  several  species  and  high  mass  signals  ®oale  arbitrary) 

vs.  distance  from  the  burner  in  (A)  a  near-sooting  (0  =  1.0)  benzene  (13.5  molS) 
oxygen  (56.5  mol%)  -  argon  (30.0  mol%)  flame  and  (B)  a  sooting  (0  =  3.0)  acety¬ 
lene  (52.9  mol%)  -  oxygen  (44.1  niol%)  -  argon  (3.0  mol%)  flame.  Pressure  = 

2.67  kPa  (20  torr) ,  cold  gas  velocity  =  0.5  m/s  for  both  flames  (Ref.  9) 


This  fact  suggests  that  the  mechanisms  occuring  in  aliphatic  flames  bear  a  close 
relationship  to  those  in  aromatic  flanes . 

The  preceding  mechanisms  provide  information  on  the  first  stages  of  the  mechanism 
of  soot  formation,  which  produce  conparatively  large  amounts  of  bulky  PAH  molecules.  The 
transition  from  these  molecules  to  spherical  soot  particles  and  then  to  aggregates,  can 
be  explained  by  thermodynamical  reasonings  of  collisions  between  these  species. 


III.  Physical  mechanisms  of  soot  growth  (15) 

Taken  as  a  whole,  we  are  in  the  presence  of  a  carbonaceous  "aerosol"  placed  in  a  hot 
and  reactive  surrounding.  We  will  characterize  this  aerosol  by  the  number  of  particles  N, 
their  diameter  d  and  their  volume  fraction  f  .  On  the  assumption  that  the  particles  are 
spherical,  f^  =  t=/6  N  d’ 

Two  stages  of  aerosol  formation  are  taken  into  account  : 

-  the  appearance  of  the  first  small  particles  (nucleation) 

-  their  subsequent  growth,  which  is  the  result  of  two  separate  processes  : 

■■■'  the  coagulation 

"  the  surface  growth. 

The  growth  of  the  particles  can,  therefore,  be  described  as  follows  : 

dLnN=-gdLnf  -idLnN 
3  V  3 

The  nucleation-growth  transition  does  not  take  place  abruptly  and,  even,  is  not 
easily  defined.  In  actual  practice,  however,  it  is  apparent  that  the  formation  of  new 
particles  takes  place  in  a  restricted  region,  close  to  the  reaction  zone,  where  the  tem¬ 
perature  and  ionic  and  radical  concentrations  are  highest. 


In  other  words ^  the  nucleation  and  growth  zones  are  spatially  separate. 

_jMany  particles  are  formed  when  nucleation  takes  place  (N  -  10^®  N  =  10^'  m” ^ 

sec  ),  but  they  are  very  small  1.5  nni)^and  make  only  a  very  minor  contribution  to 

the  total  amount  of  soot  formed  f  =  10'9) .  in  most  cases  this  f  is  negligible  in 

comparison  with  the  mass  formed,  and  surface  growth  determined  for  ^he  most  part  the 
amount  of  soot  formed. 

F'rom  a  phenomenological  view-point,  the  process  can  be  summarized  as  follows  : 
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source 
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coagulation 

oxidation 

Let  us  take  a  quantitative  survey  of  these  processes. 


The  time- dependence 
coagulation  theory  :  ^ 

dt 


of  the  nurriDer  of  particles, 


N 

c 


N, 


is  expressed  by  the  classical 


N  :  nucleation  kinetics  -  N  :  coagulation  kinetics, 

w  c 


Very  rapidly,  the  process  is  controlled  only  by 
For  neutral  particles  :  ^  ,  /«c  .  . 

^  6  ^1/6  j^lI/6 


and 


^  -  K  (D) 
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where 
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f  :  particulate  volume  fraction 
.-j  :  density  of  the  particles 

G  :  a  factor  which  takes  into  account  the  inter-particle  dispersion  forces  (can  be 
expected  to  have  a  value  of  about  2  for  spherical  particles). 

1  ;  a  function  of  the  particle  size  distribution. 

Upon  integration  at  constant  volume  fraction  and  temperature 


N  =  N  [l  +  9.03  X  10"‘^  N  f 

o  ^  o  v 

where  N  :  the  initial  particle  number  density 

N°  :  the  particle  number  density  at  time  t 

8  3 

for  large  enough  values  of  N  (>10  /m  )  the  equation 
N  =2.84  X  10^^ 


t] 


-6/5 


can  be  reduced  to  : 


In  these  computations,  the  aggregate  is  treated  as  a  sphere  of  equal  volume. 

This  relation  predicts  that  N  is  independent  of  N  and  weakly  dependent  on  T  and  f  . 
This  has  been  verified  on  premixed  flames  by  dif ferent®investigators ,  burning  different'^ 
fuels  :  methane,  ethylene,  benzene  ...  (5,  16,  *7) 

These  results  will  be  merely  illustrate  by  a  single  system  :  a  propane-oxygen  premi- 
xed  flame,  burning  at  atmospheric  pressure .( 1 8) 

The  quantities  measured  include  the  soot  volume  fraction,  the  size  and  the  number  of 
aggregates  and  spherules,  "hese  quantities  were  measured  by  laser  scattering  and  electron 
microscopy . 

These  curves  are  representative  of  pmctlcally  all  the  systems  investigated  : 

N,  the  number  of  agglomerates,  reaches  a  maximum  at  the  very  beginning  of  the  process, 
while  f^  is  conparatlvely  low.  The  number  of  spherules  is  little  affected. 

A  comparison  of  the  results  with  the  theoretical  predictions  is  provided  by  the 
figure  7. 

A  good  agreement  is  obtained,  except  at  the  end  of  the  process,  probably  because 
the  sticking  coefficient  for  the  collisions  is  smaller  than  one  and/or  the  aggregates 
become  too  large  and  asymetrical. 

As  predicted  by  the  theory,  N  is  significantly  affected  neither  by  the  fuel 
equivalence  ratio  nor  by  the  temperature. 

It  should  be  clearly  understood  that  these  parameters  affect  the  amount  of  soot 
formed,  f^  and,  therefore,  the  size  of  the  aggregates. 

In  a  premixed  flame  : 

-  f  and  D  increase  with  increasing  t 

-  f^  and  D  decrease  with  increasing  temperature. 

The  problem  which  claims  the  attention  of  the  practical  man  is  the  amount  of  soot 
given  off  by  an  actual  combustor.  We  have  just  mentioned  that  this  amount  is  controlled 
by  the  surface  growth  of  the  particles  and,  therefore.  It  Is  most  important  to  under¬ 
stand  this  growth  and  find  Its  equation. 


H.  A.  B.  (  mm  ) 


Fig.  6  -  Agglomerate  volume  fraction  f  (■) .  Number  density  N,  cm  (*).  Diameter  D  ,  nr 
'•) .  Spherical  units  number  density  N,  cm“3  (a) .  Diameter  D,  nr  (o) ,  as  function  ^  of 
height  above  burner  (H.A.B.,  nm)  .  Propane/oxygen  flame.  Fuel  equivalence  ratio  2.9 
cold  gas  velocity  =5.5  cm/s  (Ref.  1®' 


Propane/oxygen  flame.  Fuel  equivalence  ratio  =  2.5  Cold  qas  velocity  =  5.5  cm/s  (Ref.  18) 
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2 )  Surface_3rowth_of_the_£articles 

This  phenomenon  is,  at  present,  not  adequately  understood.  The  nature  of  the  species 
responsible  for  carbon  deposition  on  prime  soot  particles  remains  a  much  debated  ques¬ 
tion  :  polyacetylenes,  PAH^,  acetylene,  metht.ne  ...  ? 

A  valuable  review  of  the  present  state  of  knowledge  has  been  provided  by  Wagner  in 
in  a  recent  paper  (19) . 

The  quantities  of  soot  formed  in  a  welltuned  combustor  (diesel  engine,  burner  ...) 
are  of  the  order  of  10“"^  g  of  soot/cm^,  contained  in  about  10^  particles.  The  reaction 
times  are  of  the  order  of  10  ms. 

Hence,  a  surface  growth  rate  of  ■^-10  ^  g  s  ^  cm  ^  or  10  ^  mole  cm  ^  s  Tesner  / 
Howard  and  others  determined  the  kinetics  of  soot  growth  on  surfaces  and  proposed  kinetic 
relations,  for  example  : 


7.86  X  10^  exp  -65/RT  g  citi'^  s"'  bar'^  for  CK^  (970-1280  K) 

3.3  X  10^  exp  -55/RT  g  cm  ^  s  ^  bar  ^  for  (1000-1260  KJ  . 

It  should  be  observed  that  the  times  are  smaller  than  those  recorded  with  flames. 

The  great  bulk  of  the  data  were  m>  ..sured  on  flat  flames  by  optical  methods.  Wagner 

correlated  these  data  by  plottin<'  df 

=  f  (f  ) 
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Fig.  8  -  Values  of  df^/dt  over  f^  for  different  flames  (Ref.  19) 
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C/0  =  0.76  Haynes 
C/0  =  0.71  Haynes 
C/0  =  0.73  Haynes 
C/0  =0.75  Haynes 
C/0  =0.63  Prado 
C/0  =  0.71  Prado 


0  CgHg-air 


C-H  .-air 
2  4 


C/0  =0.83  Prado 

C/0  =  0.74  Baumgartner 
T„  =  475  K 

C/0  =  0.76  Baumgartner 
with  0.24  %  C^^Hg 


1)  axis  reduced  10  times 

2)  axis  reduced  100  times 


One  obtains  linear  relations  of  the  form 


apparent  rate  constant 


=  f  (a^)dt 


maximum  value  function 


An  extrapolation  towards  zero  values  of  df/dt  gives 

The  value  of  K  is  little  affected  by  additives.  Only  naphtalene-air  flames  seem  to 
have  a  larger  K,  of  the  order  of  150  s”^. 

In  the  same  way,  K  is  little  affected  by  T  (slight  Increase).  In  other  words,  the 


knowledge  of  makes  it  possible  to  set  up  a  model  of  the  surface  growth,  as  a  first 
approximation . 

All  the  research  work  we  thus  surveyed  leads  to  a  satisfactory,  though  approximate 
description  of  soot  formation.  It  should  be  noted,  however,  that  part  of  the  soot  produ¬ 
ced  undergoes  post-oxidation  and,  therefore,  it  is  important  to  get  an  insight  into  the 
mechanisms  of  this  oxidation. 


V.  Oxidation  of  carbon  black  particles 

The  oxidation  or  post-oxidation  of  soot  (20)  flames  has  only  been  dealt  with  in 
a  restricted  number  of  rigorous  investigations. 

Let  us  go  back,  first,  to  fundamental  ^'eatures  of  the  crystalline  structure  of  soot, 
in  keeping  with  their  reactivity.  The  structure  of  soot  is  closely  related  to  that  of 
graphite.  The  latter  consists  of  parallel  planes.  To  a  first  approximation,  there  are  two 
types  of  carbon  atoms  :  the  basal  and  the  outer bouidary  atoms. 


1 
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Fig.  9  -  Crystalline  structure  of  graphite. 

In  soots,  the  graphitic  structure  has  become  degenerate  ;  their  stackings  are  dis¬ 
ordered  by  random  rotation  in  their  planes.  The  planes  are  of  small  size,  and  there  are 
many  imperfections  so  that,  in  comparison  with  the  case  of  graphite  the  outer  boundary 
atoms  are  numerous  with  respect  to  the  atoms  of  the  basal  planes.  It  is  generally  accepted 
that,  precluding  reagents  becoming  intercalated  between  the  graphitic  layers,  the  higher 
the  ratio  boundary  atoms  the  easier  a  carbonaceous  material  is  oxided.  Thus,  Laine 

basal  plane  atoms’ 

et  al.  (21  )  showed  that  at  300°C,  in  0.5  torr  oxygen,  the  oxidation  of  boundary  atoms  is 
2000  times  higher  than  for  basal  plane  atoms. 

This  kinetic  information,  together  with  the  phenomenon  of  injJerfection  annealing 
under  the  influence  of  the  temperature,  and  resulting  in  the  transformation  of  boundary 
atoms  into  basal  plane  atoms,  make  it  possible  to  explain  the  following  curve,  which  was 
proposed  more  than  20  years  ago. 


Fig.  10  -  Reaction  rate  R  (arbitrary  unit)  of  C+0-  as  function  of  temperature  (two  curves 
corresponding  to  different  pressures  of^fileunents)  (Ref.  22) 

At  low  oxygen  pressure,  the  oxidation  rate  of  a  non  graphitized  carbon  filament 
passes  through  a  maximum  :  a  competition  tetkes  place  between  the  Increase  in  oxidation  rate 
of  the  carbon  sites  and  the  growth  of  the  nuntier  of  boundary  atoms,  due  to  the  healing 
process.  The  maximum  oxidation  rate  is  situated  arour  ’  1400  K  ;  of  course,  it  depends  on 
the  type  of  material . 

A  last  general  remark  is  that  the  dlfferenr  in  reactivity  of  the  carbon  atoms  may 
give  rise  to  a  phenomenon  of  holl  wing  out  of  the  carbon  materials  during  the  oxidation. 
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Let  us  consider  two  important  cases  of  carbon  oxidation  : 

1)  oxidation  by  oxygen  (in  the  absence  of  flame)  of  carbonaceous  material. 

2)  soot  oxidation  in  a  methane/oxygen  flame. 

Nagle  and  Strickland-Constable  (23)  investigated  the  oxidation  of  artificial  carbon, 
graphite  and  pyrographite  by  oxygen  at  a  pressure  of  about  20  kPa. Above  2000  K,  the 
oxidation  rate  becomes  reasonably  constant. 

The  investigators  explained  their  results  by  assuming  the  existence  of  two  reaction 
sites  A  and  B,  giving  rise  to  the  following  reactions  : 

A  +  O2  *  A  +  2  CO 
B  +  Oj  B  +  2  CO 
A  -►  B 

Taking  into  account  the  data  obtained  later  on  by  Laine  et  al ,  and  which  we  mentio¬ 
ned  in  the  foregoing,  it  would  seem  that  A  corresponds  to  the  boundary  atoms  and  B  to 
those  of  the  basal  planes.  The  quantitative  kinetic  explanation  of  Nagle  would  fit  with 
our  qualitative  explanation  of  research  work  done  by  Boulangier,  Duval  and  Letort. 

The  investigation  by  Nagle  and  Strickland-Constable,  which  is  un  outstanding  one 
because  of  its  methodology  and  its  conclusions,  seems  to  have  impeded  for  nearly  10  years 
the  development  of  factual  research-work  on  the  carbon  oxidation  in  flames. 

2)  §29£_2J?i522i2S_iS_flE5!2§ 

Nagle  et  al .  have  been  so  prominent  in  their  day  that  almost  all  research  work  dea¬ 
ling  with  oxidation  in  flames  was  conducted  and  processed  with  the  a  priori  conception 
that  the  oxygen  molecule  was  the  main  oxidizing  agent.  Studying  the  burning  of  soot  ob¬ 
tained  by  partial  combustion  of  a  C-H,,  Oj  and  Ar  mixture,  Fenimore  and  Jones  (24)  found 
out  in  1967  that  the  rate  of  soot  oxiaation  is  little  dependent  on  the  concentration  of 
molecular  oxygen.  It  seems  that  they  were  first  to  consider  the  OH  radical  as  the  main 
oxidizing  agent  of  soot  in  flames. 

It  is  not  until  1980  that  significant  headway  was  made,  with  the  remarkable  results 
achieved  by  Neoh ,  Howard  and  Saroflra  (25,26),  who  demonstrated  the  role  played  by  OH 
radicals.  In  this  investigation,  the  soot  was  produced  by  burning  a  methane-oxygen  mix¬ 
ture  with  a  fuel  equivalence  ratio  of  2.1.  After  partial  cooling,  the  soot  was  transfer¬ 
red  to  a  second  chamber  in  the  presence  of  oxygen  and  gases  from  the  primary  combustion. 
The  gaseous  non-radical  constituents  were  sanpled  and  subjected  to  chromatographic  analy¬ 
sis  ;  the  concentrations  of  hydrogen  radicals  were  measured  by  the  Li/LiOH  method.  The 
concentrations  of  OH  and  0  radicals  were  computed  by  using  the  H,  H_0  and  H,  equilibra  in 
rich  flames  and  the  H,  H2O  and  0^  equilibra  in  poor  flames. 

The  rate  of  soot  contoustion  was  followed  by  measuring  the  particle  size  and  number 
by  means  of  an  optical  method,  similar  to  that  which  we  used  to  investigate  the  mechanism 
of  soot  formation. 

Basically,  the  method  used  to  determine  the  nature  of  the  main  oxidizing  agent  is 
very  simple.  For  each  species  the  coefficient  of  collision  y,  was  computed  from  the  values 
of  the  combustion  rates,  using  the  probability  of  removing  a^carbon  atom  by  collision 
between  a  soot  particle  and  an  oxidizing  species. 

For  a  species  to  be  favored,  the  variations  of  the  efficiency  coefficient  in  the 
flcunes  must  be  uninportant  (except  in  regions  with  a  strong  thermal  gradient)  ,  and  the 
values  recorded  reasonable,  so  that  species  with  values  higher  than  1  are  precluded. 

Among  the  many  curves  recorded  by  Neoh  et  al ,  we  selected  those  corresponding  to 
the  O,  and  OH  species  (Figure  11) .  yO,  varies  of  two  orders  of  magnitude  and,  in  the 
experimental  conditions,  0-  was  not  favored  as  an  oxidizing  agent  of  soots.  y„u 1 
(Figure  12) ,  exhibits  a  comparatively  constant  value,  between  0.1  and  0.3.  " 

It  is  apparent  from  the  data  shown  in  the  figures  11  and  12,  that  the  OH  radical 
is  the  main  oxidizing  agent  of  carbon  in  flames.  However,  when  the  conditions  are  such 
that  the  OH  concentration  is  very  low  in  comparison  with  that  of  molecular  oxygen,  the 
latter  species  may  become  an  important  oxidizing  agent. 

It  should  be  noted,  that  the  preceding  results  do  not  provide  any  information 
on  the  effect  of  the  crystalline  structure  and  the  porous  structure  of  the  carbonaceous 
material  on  its  oxidation  rate  and  its  properties  as  a  final  material  on  partial 
oxidation. 

For  commercial  carbon  blacks  prepared  according  to  a  flame  method  (furnace  type 
blacks) ,  the  coherence  distance  of  X  rays  in  the  direction  of  the  crystallographic  axis 
parallel  to  the  graphite  planes,  is  (27)  between  12  and  20  A.  A  rough  calculation  shows 
that  the  ratio  of  the  number  of  boundary  atoms  over  the  number  of  basalplane  atoms  is 
comprised  between  0.33  and  0.20. 

Since  the  value  of  y  „  and  the  relative  proportion  of  boundary  atoms  are  very  compa¬ 
rable,  it  may  be  asked  wlyeuier,  for  a  given  soot,  the  value  of  y_„  is  not  related  to  the 
crystal  structure  of  the  solid,  which  would  be  in  keeping  with  data  obtained  at  lower 
temperature. 

To  sum  up,  it  seems  well  estedblished  that  the  OH  radical  is  the  main  oxidizing  agent 
of  soots  in  fleunes.  The  oxidation  mechanisms  and  the  influence  of  the  properties  of  the 
carbonaceous  solid  on  the  combustion  kinetics  have  still  not  been  elaborated. 
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A  best  understanding  of  soot  formation  in  gas  turbine  combustors  is  becoming  increa¬ 
singly  important  for  civil  and  military  utilizations. 

A  side  from  the  environmental  impact,  and  possible  identification  of  military  air¬ 
craft,  a  great  problem  about  soot  in  gas  turbine  engines  is  the  effect  it  has  on  combustor 
performances  and  liner  durability. 

In  a  gas  turbine  combustor  ( 28) ,  a  spray  of  fuel  burns  in  the  air  with  a  turbulent 
diffusion  flame.  Experimental  results  (29)  suggest  that  fuel  droplets,  Sauter  mean  diameter 
of  which  ranged  between  40-120  gm,  have  little  effect  on  the  combustion  efficiency  ;  in 
the  present  brief  survey,  the  diameter  of  the  droplets  will  not  be  considered  as  an  impor¬ 
tant  pareuneter  of  the  system  during  soot  formation.  In  a  gas  turbine,  as  the  combustion 
gas  leaves  the  primary  zone,  the  secondary  air  cools  down  the  combustion  gases  to  the 
required  turbine  inlet  temperature.  In  the  early  stages  of  combustion  the  major  species 
are  carbon  monoxide,  hydrogen  and  water.  Soot  forms  as  a  nonequilibrium  product.  The 
complete  burning  of  soot  requires  a  high  degree  of  homogeneity  of  mixing  with  oxygen,  and 
a  temperature  above  1300  K  to  give  rapid  reaction.  In  the  Intermediate  and  dilution  zones 
the  temperature  will  generally  range  from  2000  K  to  1000  K .  At  a  comibustion  temperature 
within  this  range,  the  residence  time  in  the  combustor  is  sufficient  to  consume  carbon 
particles  in  the  flame  (29).  Thus,  a  large  proportion  of  carbon  produced  in  the  primary 
zone  will  be  removed  in  the  secondary  and  even  in  the  dilution  zone. 


2)  fecting  soot  formation 

Five  main  parameters  are  usually  mentioned  in  the  literature  ;  namely  fuel  equi¬ 
valence  ratio,  pressure,  temperature,  turbulence  and  fuel  type. 

It  is  quite  difficult,  however,  to  precise  the  influence  of  a  given  parameter  be¬ 
cause  it  cannot  be  modified  independently.  The  following  observations  have  been  made  by 
Najjar  et  al  (28)  .  •' 

~  (0) 

With  rich  mixtures  there  are  considerable  differences  among  tiie  various  fuels  with 
respect  to  the  critical  temperature  at  which  the  rate  of  the  cracking  reaction  exceeds 
that  of  oxidation.  This  temperature  is  considerably  lower  for  heavy  fuels  than  for 
lighter  ones.  Poor  mixing  and  excessive  fuel-rich  pockets  within  the  primary  zone  of  the 
combustor  result  in  soot  formation.  Hence,  it  is  the  local  equivalence  ratio  due  to  the 
heterogeneous  combustion  rather  than  the  average  equivalence  ratio  that  is  the  signifi¬ 
cant  factor  in  the  soot  formation  process. 

-  Pressure 

The  increase  in  soot  formation  with  pressure  results  from  several  effects  : 

.  the  penetration  distance  is  inversely  proportional  to  the  cube  root  of  the  gas 
pressure . 

.  the  extension  of  the  rich  limit  of  flammability,  with  combustion  possibility  at  very 
rich  equivalence  ratios. 

.  the  increase  of  the  fuel  evaporation, tenperature ,  the  pressure  effect  on  the  rate  of 
cracking  being  proportional  to  whereas  on  the  rate  of  vaporization  to  p-0.2-0.6. 

.  at  high  pressure  the  combustion  process  is  normally  more  rapid,  thus  the  time  allowed 
for  the  fuel  to  seek  air  for  combustion  is  reduced. 

.  the  reduction  of  the  spray  angle  with  an  increase  of  the  diameter  of  the  droplets. 
However,  higher  gas  pressures  are  associated  with  higher  injection  pressures  which 
reduce  the  Sauter  mean  diameter. 

-  Temperature 

The  flame  is  determined  mainlv  by  the  inlet  temperature,  the  equivalence  ratio  and 
the  combustion  efficiency.  Figure  13(31)  shows  the  relation  between  the  flame  tempera¬ 
ture  (soot  temperature  measured  by  the  Kurlbauro  technique)  and  the  relative  soot  con¬ 
centration  (measured  by  flame  opacity  technique) ,  in  the  primary  zone  of  the  combustor. 


Fig.  13  -  The  effect  of  flame  temperature  on  soot  concentration  (Ref.  31) 

F/A  :  0.0096  (o) ,  0,0108  (□) ,  0.0136  (a). 

Clearly,  the  soot  concentration  increases  with  both  flame  temperature  and  fuel/air  ratio. 

The  same  authors  verify  the  influence  of  burner  inlet  temperature  on  flame  temperature. 

Becker  (32)  demonstrated  that  the  soot  concentration  field  is  mixing  controlled,  and 
no  pronounced  effect  of  Reynolds  number  on  soot  formation  in  the  turbulent  fl^unes  could 
be  observed.  However,  soot  increases  with  a  change  from  a  turbulent  to  a  laminar  condi¬ 
tion  . 
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The  formation  of  soot  is  Influenced  by  the  following  effects  of  fuel  properties  : 
viscosity  on  atomization  ;  volatility,  on  evaporation  ;  and  thermal  stability  on  the  ten¬ 
dency  to  crack. 

Chemically,  the  fuel  soot-forming  propensity  Increases  with  aromatic  content,  carbon/ 
hydrogen  ratio  and  the  free  energy  of  formation  which  is  correlated  to  the  structure  of  fuel. 

Future  fuel  may  content  less  hydrogen,  more  polycyclic  aromatics,  nitrogen  (33) 
and  sulphur  and  have  a  higher  final  boiling  point.  These  evolutions  will  increase  soot 
formation . 


.  Correlation  parameter. 

For  a  given  type  of  turbine,  there  is  a  correlation  parameter  between  the  H/C  compo¬ 
sition  of  fuel  and  the  radiation  of  the  reacting  mixture. 

As  an  example,  Naegeli  (31)  shows  correlation  of  flame  radiation  with  H/C  ratio  for 
different  fuels  derived  from  oil  shale,  coal,  tar  sands,  emulsions  containing  both  water 
and  alcohols,  and  solutions  of  alcohols  and  jet  fuel  (Figure  14) . 


Fig.  14  -  Effect  of  hydrogen  to  carbon  ratio  on  flame  radiation  (Ref.  3l) 

Fuel  identification  : 

•  Jet  fuel/aromatic  blends  «  JP-5  (Tar  sands)  □  Petroleum  emulsions 

♦  JP-5  (Shale  oil)  o  jp-5DFM/Gasoline  Blends  a  Syncrude  emulsions 

■  JP-5  (Coal)  »  JP-5  +  Decaline  *  Aromatics/Methanol  blends 

V  Methanol 


This  correlation,  e.g.  radiation  vs  H/C  ratio,  is  generally  assumed  to  be  a  linear 
function  of  the  H/C  ratio  if  the  range  of  fuel  hydrogen  contents  is  not  too  large  (34) . 
The  slope  (figure  15)  dR/d(H/C)  of  the  line  is  usually  defined  as  the  sensitivity  to 
hydrogen  content.  However,  it  is  often  more  useful  to  compare  the  relative,  or  percen¬ 
tage,  change  in  radiation  with  the  H/C  ratio  by  using  a  normalized  sensitivity  given  by 


S 


(l/R)dR 

d(H/C) 


(slope  of  the  line  Ln(R)  versus  (H/C)  ratio). 


This  factor,  which  is  analogous  to  Jacitson  and  Blazows)ti's  normalized  liner  tempe¬ 
rature  parameter,  can  be  used  to  compare  the  relative  sensitivities  of  different  engines 
or  the  Scime  engine  at  different  operating  conditions. 
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The  correlations  show  that  the  sensitivities  of  flame  radiation  to  H/C  ratio 
decrease  rapidly  with  increased  burner  inlet  temperatures,  Sj  decreases  faster  than  S3. 
The  sensitivities  increase  rapidly  with  velocity  V,  S3  increased  faster  than  Sj.  The 
F/A  ratio  had  a  greater  effect  on  S j  than  S3  ;  changes  in  burner  inlet  gas  density  had 
very  little  effect  on  the  sensitivities. 

.  The  increase  in  soot  formation  caused  by  polycyclic  aromatics  was  directly  propor¬ 
tional  to  the  aromatic  carbon  in  the  fuel. 

CONCLUSIONS 

.  Soot  formation,  in  gas  turbine  combustors  are  dependent  on  operating  conditions.  The 
relative  importance  of  soot  formation  and  oxidation  steps  varies  with  inlet  air  tem¬ 
perature,  gas  velocity  and  fuel/air  ratio. 

.  The  characteristic  times  for  fuel  pyrolysis  and  mixing  seem  to  be  comparable.  The 

pyrolysis  reactions  are  rate  controlling  in  the  formation  of  soot  precursors  while  the 
oxidation  is  limited  by  the  mixing  rate.  THe  importance  of  the  H/C  ratio  as  a  parameter 
in  the  oxidation  process  is  linked  to  the  oxidizer  character  of  o:-i  radical  on  soot 
particles  as  previously  seen. 


Table  I  :  Radical  mechanism  of  P.A.H.  formation 
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DISCUSSION 


C.  Moses.  I  S 

What  were  the  tlanie  temperatures  in  the  diffusion  Hame  experiments  discus-sed  early  In  the  paper  ’  You  talked 
about  small  molecules  building  into  aromatic  ring  structures.  In  his  work  Graham  concluded  that  above  I  SOU'  K 
aromatic  rings  broke  down  into  (  and  t’j  radicals  before  going  to  soot.  These  seem  contradictory  Perhaps  the 
mechanisms  are  dependent  on  the  experiment  and  hence  one  must  be  careful  about  generalizing  theories  of  soot 
forming  mechanisms. 

Author's  Reply 

It  Is  usually  considered  that  soot  formation  involves  species  (Ci .  Cj.  ...  I  abc>ve  c.a.  2.'0()'  k  I  he  siabihty  of 
the  aromatic  ring,  however,  is  dependent  upon  temperature,  residence  time  and  ambient  environment  so  that  it  is 
difficult  to  indicate  with  accuracy  the  temperature  where  disruption  becomes  more  important  than  ring  formation 
In  the  diffusion  flames  we  have  used.  P..A.II.  and  soot  are  produced  at  temperatures  below  IKOD'  K. 

We  have  not  indicated  that  rings  are  built  up  from  small  species.  Referring  to  T. Bittner  and  J  B. Howard's  work  on 
the  combustion  of  benzene,  aromatic  rings  grow  by  reaction  between  existing  rings  and  unsaturated  hydrocarbon 
species  resulting  from  the  disruption  of  a  part  of  the  initial  aromatic  rings. 


J.Tilston.  UK 

The  observations  of  carbon  particle  charge  shown  in  Paper  H)  lead  us  to  think  that  collision  efficiencies  in  aggkv 
meration  should  be  less  than  100  percent,  t-'or  example,  collisions  between  similarly  charged  particles  may 
very  well  not  lead  to  agglomeration.  Figure  7  m  Paper  70  shows  measured  and  calculated  agglomeration  rates 
Was  100  percent  efficiency  assumed  in  the  calculation'.’  If  it  was  and  if  the  statistics  from  your  own  charge 
measurements  were  used  to  modify  this  efficiency,  would  the  agreement  between  theory  and  measurement  be 
improved  significantly'’ 

Author’s  Reply 

The  rate  constants  in  the  model  for  soot  particle  coagulation,  which  is  based  on  the  collision  theory,  have  to  be 
modified  to  include  the  dependence  of  charge  equal  or  opposite  and  polarization  in  the  collisional  cross  section. 
It  is  well  known  that  the  coagulation  can  be  strongly  impeded  by  increasing  the  degree  of  soot  particle  ionization 
through  seeding  the  flame  with  metal  salts  of  low  ionization  potential.  In  unseeded  flames  the  effect  of  ionization 
on  the  total  collision  frequency  factor  is  not  so  relevant  in  the  stage  of  coagulation.  A  small  degree  of  ionization 
could  even  lead  to  a  larger  overall  collision  frequency  due  to  ion-induced  dipole-interaction  of  the  colliding  particles. 
Moreover,  when  the  number  density  of  soot  particles  and  accordingly  the  rate  of  their  coagulation  is  still  high  the 
relative  number  of  charged  soot  particles  is  small.  This  increases  when  the  particles  grow  larger.  Therefore,  it  is 
more  probable  that  in  unseeded  flames  the  later  stages  of  agglomeration  into  grape-  and  chain-like  clusters  is 
influenced  appreciably  by  charge  than  the  early  stage  of  coagulation.  Whether  or  not  this  modification  would  lead 
to  a  better  agreement  between  the  experimental  and  calculated  number  densities  in  Figure  7  of  Paper  No.  20  is 
difficult  to  judge  without  knowing  the  number  densities  of  positively  and  negatively  charged  particles  in  that  flame. 
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SuiniTia  ry 

•In-flame  optical  measurements  of  soot  particulates  in  a  turbulent,  reel rcul at i ny  (i.e.,  complex 
flow)  model  laboratory  combustor  are  described.  A  nonintrusive  optical  probe  based  on  larye  any le faj" , 
ZU' 1  intensity  ratio  scatteriny  was  used  to  yield  a  point  measurement  of  particulate  in  the  size  ranye 
of  o.iJA  to  U.3H  uti.  The‘ performance  of  the  optical  technique  was  evaluated,  and  an  exploratory 
assessment  of  the  spatial  distribution  of  soot  was  conducted  with  attention  to  fuel  molecular  structure, 
fuel  loadiny,  and  a  smoke-suppressant  additive  (ferrocene).  Isooctane  and  mixtures  of  isooctane  with 
various  riny  and  aromatic  compounds  blended  to  yield  the  smoke  point  of  a  JP-8  stock  were  prevaporizec 
and  introduced  throuyh  a  hollow  cone  nozzle.  -The- addition  of  ring  compounds  to  the  base  isooctane 
substantially  changed  the  distribution  of  soot  and  increased  the  overall  emission  by  3UU%.  The 
production  of  soot  was  substantially  reduced  by  a  decrease  in  fuel  loadiny,  and  marginally  reduced  or 
not  affected  by  the  additive  depending  on  fuel  structure.  The  optical  technique  is  a  potentially 
powerful  tool  for  providing  the  experimental  evidence  necessary  to  understand  the  processes  of  soot 
formation  and  burnout  in  complex  flows  typical  of  gas  turbine  combustors.  However,  scanning  electron 
micrographs  of  extracted  samples  established  that  the  technique  is  limited  to  the  larye  particle  wing  of 
the  soot  size  distribution,  and  optical  and  electronic  processing  can  induce  biasing  and  uncertainties 
which  must  be  understood  and  controlled  before  the  potential  of  the  technique  can  be  fulfilled. 


Introduction 

Fuel  flexibility  is  a  viable  and  realistic  approach  to  assure  adequate  availability  of  aviation 
fuel  throuyh  this  century.  To  achieve  this  position,  the  relationship  of  fuel  properties  and 
composition  to  combustion  hardware  performance  and  durability  must  be  identified  more  precisely,  buch 
information  is  necessary  if  fuel  specifications  are  to  be  successfully  relaxed  to  a  level  that  Doth 
maintains  the  required  performance  of  the  combustion  system  (and  other  subsystems)  and  permits  the 
desired  latitude  in  the  portion  of  hydrocarbon  resources  (petroleum,  oil  shale,  coal,  tar  sands,  etc.) 
that  can  be  utilized  to  produce  aviation  fuel.  These  potential  changes  in  fuel  processing  and  fuel 
source  make  future  fuel  composition  effects  on  gas  turbines  a  primary  consideration  and  concern. 

Currently,  the  Specification  limit  on  aromatics  for  aviation  fuel  is  a  maximum  of  ZUl  (Jet  A)  or 
25%  (JP4,  JP5,  JPB)  by  volume.  The  limit  is  set  to  preclude  a  series  of  combustion  related  problems 
associated  with  the  production  of  soot,  examples  of  which  include  increased  flame  iation,  deposit  of 
carbonaceous  material,  and  emission  of  particulates.  The  first  two  examples  intlu.-n,_e  hardware  dur¬ 
ability  and  performance;  the  latter  results  in  aesthetic  and  tactical  problems.  The  aromatic  content 
is  of  special  interest  because  a  relaxed  specification  for  aromatics  could  ease  the  demand  for  hydrogen 
addition  in  the  refining  of  low  hydrogen  resources.  An  upper  limit  of  35%  aromatics  has  been 
discussed  [1]. 

To  accomodate  an  increased  fuel  aromaticity,  the  production  of  soot  from  combustors  operating  on 
re1 axed -sped f 1 cati on  fuels  must  be  reduced.  The  principal  approaches  being  considered  are  smoke- 
suppressant  fuel  additives  and  combustor  modifications.  Smoke-suppressant  fuel  additives  avert  the 
economic  penalties  associated  with  retrofit  by  providing  an  alternative  for  existing  gas  turbine 
engines.  Combustion  modification  is  important  for  the  next  generation  of  yas  turbine  engines  which  will 
eventually  replace  the  current  inventory.  To  implement  either  of  these  approaches,  an  understanding  of 
the  mechanisms  responsible  for  soot  formation  and  burnout  in  complex  (i.e.,  turbulent  and  recirculating' 
flows  is  required.  Toward  this  end,  experimental  evidence  is  needed  with  respect  to  the  effects  that 
fuel  properties,  fuel -additive  properties,  and  combustor  operating  conditions  nave  on  soot  formation  and 
burnout.  Of  particular  interest  are  the  mass  emission,  size  distribution,  and  composition  of  the  soot 
particulate.  Extractive  probe  measurements  have  been  used  in  the  past  to  derive  this  set  of  information 
(e.g.,  [Z,3,  and  4])  but,  in  complex  flows  where  backmixing  can  exacerbate  and  widely  distribute 
perturbations  introduced  by  the  presence  of  a  physical  probe,  c.ution  must  be  exercised  in  the  use  of 
such  methods  L^>J-  This  may  include  limiting  the  measurements  to  the  combustor  exit-plane,  far 
downstream  of  the  recirculation  zone.  Such  a  limit  substantially  restricts  the  information  available. 
Excluded  is  the  spatial  distribution  of  local  soot  size  and  soot  number  density  in  the  near  wake  of  tne 
recirculation  zone  and  within  the  recirculation  zone  Itself.  Such  measurements  must  be  nonintrusive  and 
therefore  rely  on  optical  techniques.  Although  optical  techniques  have  been  successfully  employed  to 
measure  soot  in  relatively  simple  flows  (flat  flame  and  diffusion  flames),  a  limited  application  to  a 
complex  flow  has  only  recently  been  demonstrated  [5]. 

The  present  study  addressed  the  application  of  a  nonintrusive,  optical  probe  to  a  complex  flow  with 
the  following  objectives: 


•  To  evaluate  toe  performance  of  larye  anyle  intensity  ratiomy  for  tne 
purpose  of  measuring  optically  the  local  soot  size  and  soot  number 
density  in  the  re’otion  zones  of  a  complex  flow. 

•  To  conduct  an  exploratory  assessment  of  the  spatial  distribution  of 
soot  witnin  a  complex  rlow  with  attention  to  tne  effect  of  fuel 
molecular  structure,  fuel  loading,  and  the  smoke-suppressant  fuel 
additive  ferrocene  on  the  local  soot  size  and  soot  number  density. 

Such  information  is  necessary  to  establish  where  the  soot  is  formed  and  burned  out  in  a  flow  dominated 
by  complex  aerodynamics.  Such  insight  could  then  (!)  provide  the  basis  to  assess  the  effect  of  fuel 
properties,  fuel/air  distribution,  fuel  additives,  and  other  operational  parameters  on  the  soot 
production,  and  (i)  thereby  guide  nozzle  design,  combustor  design,  and  fuel  property  specifications. 


Background 

A.  Soot  formation 

Although  the  evidence  has  yet  to  be  documented,  the  formation  of  soot  in  gas  turbine  combustors  is 
envisioned  to  occur  in  locally  fuel-rich,  high-temperature  regions  of  the  primary  zone.  Detailed 
measurements  of  soot  witnin  the  combustor  will  be  required  to  uncover  the  governing  mechanism. 
Nevertheless,  the  global  data  collected  to  date  (e.g.,  gross  soot  emissions,  liner  temperature)  identify 
a  strong  coupling  between  the  soot  produced  and  those  parameters  that  govern  mixing,  local  temperature, 
and  local  species  composition;  namely,  combustor  operating  pressure,  fuel  properties,  and  fuel 
injection.  The  swing  of  combustor  pressure  over  the  range  of  operating  conditions  from  idle  to  full 
load  affects  spray  penetration,  fuel  evaporation  rate,  peak  temperature,  and  reaction  rates.  Soot 
production  rates  have  been  found  to  be  directly  proportional  to  pressure  [6J,  although  a  plateau  at  a 
critical  Reynolds  number  has  been  asserted  [?].  Elevated  pressure  is  an  unavoidable  consequence  of  gas 
turbine  combustion,  however,  and  thus  represents  a  relatively  inflexible  parameter.  In  contrast,  fuel 
properties  and  fuel  injection  represent  two  parameters  over  which  more  control  is  available. 

Fuel  Properties.  The  use  of  relaxed-specification  fuels  will  impact  soot  formation  in  current  gas 
turbine  engines  in  two  main  respects.  First,  physical  properties  such  as  viscosity  and  volatility  can 
affect  the  atomization  and  evaporation  of  the  fuel,  impeding  tne  fuel/air  mixing  process  and  promoting 
the  formation  of  soot.  Second,  future  fuel  composition  will  be  relatively  nigh  in  aromaticity  due  to 
the  higher  aromatic  content  of  future  resources. 

Tests  in  an  Allison  T-6j  engine  found  the  viscosity  and  distillation  end  point  (a  measure  of 
volatility)  to  nave  little  effect  on  the  measured  smoke  and  radiation  [8J.  Other  evaluations  support 
this,  Showing  little  or  no  sensitivity  of  soot  formation  to  fuel  physical  properties  Ly.lOj. 

In  contrast,  changes  in  smoke  emission  and  flame  radiation  are  closely  aligned  with  changes  in  fuel 
composition.  The  specification  on  fuel  aromatic  content  has  been  a  means  of  controlling  these 
changes.  An  alternate  means  of  such  control  is  to  specify  limits  on  fuel  hydrogen  content  which  has 
been  correlated  to  the  production  of  soot  measured  by  either  liner  temperature  or  flame  radiation 
[8,11,12,13]. 

It  the  chemical  composition  of  the  fuel  is  substantially  perturbed,  the  correlation  on  fuel 
hydrogen  may  change  appreciably.  Hence,  fuel  molecular  structure  likely  plays  a  principal  role  in  soot 
production  as  well.  Extensive  studies  in  a  well-stirred  reactor,  which  allows  for  the  study  of  the 
chemical  process  in  the  absence  of  heat  and  mass  transfer  limitations,  demonstrate  that  nonaromatic 
hydrocarbons  are  capable  of  being  burned  at  substantially  higher  equivalence  ratios  than  aromatics 
without  forming  soot  [14,lBj.  Hydrocarbons  tested  in  one  study  [lb]  were  grouped  into  three  categories 
{Table  1).  The  first  group,  composed  of  aliphatic  hydrocarbons,  produced  large  amounts  of  exhaust 
hydrocarbons  without  sooting.  The  second  group,  consisting  primarily  of  single  ring  aromatics,  produced 
significant  amounts  of  soot  as  the  fuel/air  mixture  was  increased.  Finally,  the  third  group,  consisting 
only  of  l-methylnaphthalene,  produced  substantially  higher  quantities  of  soot  at  equivalent  mixture 
ratios. 


Table  1  Categorization  of  Hydrocarbons  with  Similar  Sooting 
Characteristics  in  a  Well -Stirred  Reactor 


Group  1 

Group  2 

Group  3 

Ethylene 

Toluene 

1 -Methyl  naphtha lene 

Hexane 

o-Xylene 

Cyclohexane 

m-Xy lene 

n-Uctane 

p-Xylene 

Isooctane 

Cumene 

1-Uctane 

Tetralin 

Cyclooctane 

Decal  in 

Ui eye  1 opentadi ene 

Source:  Reference  lb 
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Fuel  mixtures  formed  from  elements  of  any  two  yroups  sooted  in  a  manner  correspondi ny  to  the  more 
aromatic  component.  Thus,  unsaturated  riny  compounds  dominate  the  soot  production.  Tests  run  on  a  JTyU 
combustor  appear  to  support  this  assertion  Ub]-  A  linear  trend  of  increasiny  smoke  number  was  found 
with  increasiny  aromatic  content  except  for  a  16.2  volume  percent  naphthalene  blend  which  produced  more 
than  twice  the  smoke  number  expected  from  the  correlation  found  with  the  other  fuels.  Also,  combustor 
tests  usiny  fuels  blended  to  achieve  an  equivalent  hydroyen  content  with  varying  molecular  structure, 
resulted  in  a  ranye  of  measured  •'lame  radiation  with  the  naphthalene  containiny  fuels  deviatiny 
si yni f i cant ly  from  any  hydroyen  correlation  LITJ.  The  critical  difference  appears  to  be  the  amount  of 
dicyclic  aromatics  in  the  fuels.  It  should  be  noted,  however,  that  the  naphthalene  present  in  these 
fuels  substantially  exceed  current  or  proposed  jet  fuel  specification  levels. 

fuel  Injection.  Dual-orifice  pressure  atomization  provides  a  wide  ranye  of  stable  operatiny 
conditions  and,  as  a  result,  is  commonly  used  for  fuel  injection  in  gas  turbine  operation.  A  central 
pilot  orifice  supplies  the  fuel  required  at  low  fuel  flow  conditions  and  a  surrounding  annular  main 
orifice  supplies  the  remaining  fuel  required  under  load.  The  atomizer,  by  concentrating  the  fuel  in  an 
oxygen-deficient  core  of  the  primary  zone,  promotes  the  formation  of  soot  and  relies  upon  the  dilution 
zone  to  oxidize  the  soot  generated.  The  relatively  low  sooting  propensity  of  current  specification 
fuels  has  resulted  in  acceptable  emission  levels  under  most  conditions.  The  increased  soot  loading 
associated  with  future  fuels,  however,  may  result  in  unacceptable  soot  production  with  this  injection 
method . 

Improvements  can  be  gained  by  increasing  the  air  flow  into  the  primary  zone,  but  only  at  the 
expense  of  stability  and  ignition  performance.  A  piloted  airblast  atomizer  mitigates  this  problem 
[la].  The  pilot  nozzle  supplies  the  fuel  at  low  fuel  flows,  and  the  airblast  atomizer  supplies  the 
remaining  fuel  at  load.  The  airblast  atomization  process  promotes  mixing  of  fuel  and  air  prior  to 
combustion  which  significantly  reduces  the  soot  formation.  Comparative  measurements  of  the  atomization 
characteristics  of  airblast  and  pressure  atomizing  injectors  nave  shown  that  airblast  injectors  are 
capable  of  providing  a  finer  spray  {30  percent  lower  Sauter  Mean  Diameter)  than  the  spray  produced  by  a 
pressure  atomizing  injector  [ly].  Combustor  liner  temperature  data  from  the  Cf6-bU  engine  with  airblast 
fuel  injection  and  a  leaner  primary  combustion  zone  [20]  demonstrated  far  less  sensitivity  to  fuel 
hydrogen  content  than  conventional  systems  equipped  with  pi-essure  atomizing  fuel  nozzles  [llj. 
Atomization  has  even  been  found  to  improve  with  increasing  chamber  pressure,  thereby  promoting  more 
rapid  fuel  vaporation,  mixing  and  combustion  [21].  These  merits  have  prompted  the  installation  of 
airblast  atomizers  in  a  wide  range  of  industrial  and  aircraft  engines  in  recent  years. 

B.  Optical  Measurements 

Prior  to  the  introduction  of  the  laser  to  reacting  flows,  optical  measurements  were  limited  to 
photography  (e.g.,  direct,  Schlieren,  shadowgraph),  and  temperature  measurements  of  gases  (e.y.,  sodium 
D-line)  and  particles  (e.g.,  two-color  pyrometry,  Kurlbaum).  Now,  nonintrusive  laser  anemometry 
measurements  are  regularly  made  of  local  flow  velocity,  and  laser-induced  measurements  of  local 
temperature  and  composition  are  reported  for  limited  conditions.  Laser-based  optical  ineasurements  of 
soot  size,  on  the  other  hand,  are  in  their  infancy  and  have  to  date  been  limited  principally  to  simple 
flames. 

When  a  particle  is  illuminated  by  an  incident  laser  beam,  light  is  diffracted  out  of  the  direction 
of  the  beam.  The  portion  of  the  light  which  is  diffracted,  referred  to  as  scattered  light,  is 
distributed  in  all  directions.  The  distribution  is  a  function  of  the  incident  wavelength,  refractive 
index,  particle  size,  scattering  angle,  and  for  polarized  light,  the  polarization  angle  (the  angle 
between  the  polarization  vector  and  the  scattering  plane).  By  measuring  the  scattered  intensity  at  an 
angle,  particle  size  can  be  determined  from  Mie  theory  if  the  incident  intensity,  wavelength,  refractive 
index,  and  the  scattering  and  polarization  angles  are  known. 

For  absorbing  particles  such  as  soot,  an  alternative  optical  method  is  available:  extinction. 
Extinction  is  an  integrated  measurement  of  scattering  and  absorption  along  the  trajectory  of  the 
incident  beam.  While  scattering  affects  the  angular  distribution  of  intensity,  absorption  represents  an 

attenuation  of  the  incident  radiation  in  the  forward  direction.  As  a  result,  scattering  measurements 

other  than  in  the  forward  direction  offer  better  spatial  resolution  than  extinction.  However,  the 
measured  scattered  intensity  may  be  much  less  than  that  from  extinction  measurements. 

Both  extinction  and  scattering  have  been  applied  to  simple  flame  systems,  including  premixed  flat 
flames  (e.g.,  [22,23])  and  diffusion  flames  (e.g.,  [24,26]).  The  techniques  employed,  while  useful  in 
providing  soot  size  information,  require  assumptions  (e.g.,  size  distribution,  local  temperature)  and/or 

optical  conditions  (e.g.,  light -of -sight  measurement,  low  number  density)  that  preclude  application  to  a 

complex  flow  where  local  point  measurements  must  be  resolved. 

In  an  earlier  study,  an  optical  method  was  first  applied  to  a  complex  flow  [6J.  Scattering 
intensity  ratioing  was  used  to  gain  a  first  insight  into  the  perturbation  of  an  extractive  physical 
probe  on  the  local  soot  size  and  soot  data  rate.  The  angles  used  for  ratioing  were  10°  and  6°  which 
yielded  a  size  range  of  0.3  to  1.8  un.  This  size  range  is  not  optimal  for  in-situ  soot  measurement 
where  the  soot  size  is  expected  to  be  generally  less  than  0.6  un.  For  the  present  study,  the  scattering 
intensity  ratio  technique  was  (1)  expanded  to  larger  angles  in  order  to  reduce  the  lower  limit  of  size 
resolved  tn  0.08  pn,  and  (2)  employed  to  obtain  spatially  resolved  distributions  of  soot  size  and  number 
density  in  a  complex  flow  combustor. 


Experiment 

A.  Approach 

The  present  study  was  undertaken  to  evaluate  the  performance  of  a  nonintrusive  optical  technique 
for  the  point  measurement  of  soot  size  and  number  density  within  the  flowfield  of  a  complex  flow 


:i-4 


combustor,  and  to  conduct  an  exploratory  assessment  of  key  fuel  and  combustor  parameters  --  fuel 
molecular  structure,  fuel  loading,  and  a  soot  suppressant  additive  —  on  the  spatial  distribution  of 
soot  size  and  number  density.  Laboratory  combustion  tests  were  performed  in  a  model  combustor  with 
isoortane  and  three  fuel  blends  injected  in  a  prevaporized  state.  Prevaporization  removed  from 
consideration  the  mechanics  of  evaporation  and  the  associated  ambiguity  in  spatial  variation  of  the  fuel 
disiribution  that  would  thereby  result.  The  optical  technique  employed  was  scattering  intensity 
ratioing  at  two  angles,  60°  and  i!U°. 

B.  Combustor 

The  combustor  employed  was  a  model  laboratory  combustor  developed  in  a  series  of  tests  126,^7], 

The  configuration  is  presented  in  Figure  1.  The  Dilute  Swirl  Combustor  (DSC)  features  an 
aerodynamical ly  controlled,  swirl -stabi 1 ized  recirculation  zone  to  simulate  important  features  of 
practical  combustors  (e.g.,  swirl  and  highly-turbulent  recirculation). 


32cm 


T 

80mm 

I 


For  the  present  work,  the  housing  consisted  of  an  80  mm  l.D.  cylindrical  stainless  steel  tube  that 
extended  32  cm  from  the  plane  of  the  nozzle.  Kectangular,  flat  windows  (25  x  3U6  mm)  were  mounted 
perpendicular  to  the  horizontal  plane  on  both  sides  of  the  combustor  tube  to  provide  a  clear,  optical 
access  for  the  laser  measurements. 


A  set  of  swirl  vanes  (57  nm  0.0.)  were  concentrically  located  within  the  tube  around  a  19  mm  0.0. 
centrally  positioned  fuel  delivery  tube.  Dilution  and  swirl  air  were  metered  separately.  The  dilution 
air  was  introduced  through  flow  straighteners  in  the  outer  annulus.  The  swirl  air  passed  through  swirl 
vanes  with  seventy  percent  (70%)  blockage  which  imparted  an  angle  of  turn  to  the  flow  of  60°.  For  the 
swirl -to-di lution  air  flow  ratio  of  unity  used  in  the  present  study,  the  swirl  number  obtained  by 
integrating  across  the  swirl  vanes  is  0.8;  that  obtained  by  integrating  the  total  inlet  mass  flux  is 
0.3.  The  combustor  was  operated  at  atmospheric  pressure. 

Prevaporized  fuel  was  introduced  through  a  cone/annular  gas  injector  (Figure  1),  sized  to  emulate 
the  directional  momentum  flux  of  a  hollow-cone  liquid  spray  nozzle  at  the  end  of  the  fuel  delivery 
tube.  The  included  spray  angle  of  the  nozzle  was  30°.  The  exit  plane  of  the  fuel  nozzle  was  set  at  the 
same  axial  location  as  the  exit  plane  of  the  swirl  air  to  provide  a  clean,  well-defined  boundary 
condition. 


C.  Fuels 


The  present  study  employed  four  liquid  fuels  of  varying  molecular  structure  representative  of 


compounds  found  in  petroleum,  shale,  and  coal  derived 


ISOOCTANE 


TOLUENE 


CH, 


fuels.  Isooctane  (2,2,A-trimethylpentane)  was 
selected  as  the  base  fuel  as  it  represents  a  major 
component  of  OP-8  and  serves  as  the  reference  fuel  in 
the  ASTM  smoke  point  test.  The  three  remaining  fuels 
consisted  of  mixtures  of  isooctane  with  one  of  three 
compounds  with  varying  degrees  of  saturation  and  ring 
number  (Figure  2)  —  toluene,  tetralin  (1,2,3,4- 
tetrahydronaphthalene),  or  1-methylnaphthalene. 

Hence,  hydrocarbons  in  each  of  three  groups  listed  in 
Table  1  are  included. 


TETRALIN 


1 -METH YLNAPMTHALENE 


Figure  2  Test  Fuel  Molecular  Structure 


The  amouht  of  hydrocarbon  blended  with  the 
isooctane  was  selected  to  yield  the  same  ASTM  smoke 
point  typical  for  a  JP-8  stock.  The  amount  of  each 
compound  blended  with  isooctane  was  determined  by 
first  preparing  a  curve  of  smoke  point  vs.  volume 
percent  isooctane  (Figure  3).  Table  2  summarizes  the 
composition  and  the  actual  smoke  point  found  for  each 
blend.  The  smoke  points,  while  not  identical,  are 
equivalent  within  the  achievable  accuracy  of  the  smoke 
point  test  (i  1mm)  shown  by  the  error  bands  in  Figure 
3.  A  single  ferrocene  additive  concentration  of  0.05% 
by  weight  was  selected  based  on  data  in  Naval  Air 
Propulsion  Test  Center  reports  [28]. 


Table  i!  Fuel  buramary 


Smoke  Point® 


Fuel 

Without  Additive 
mm 

With  Additive 

mm 

H  wt. 

% 

Isooctane 

43.0 

>50.0 

15.79 

JP-8 

23.0 

24.7 

13.89' 

Blend  1 

2U 

Toluene 

79% 

Isooctane 

24.0 

26.3 

14.02 

Blend  2 

8% 

Tetral in 

92% 

Isooctane 

26.3 

30.0 

15.06 

Blend  3 

5% 

1 -Methyl  naphthalene 

95% 

Isooctane 

22.2 

35.0 

15.16 

®  Distance  above  base  of  burner  at  which  sooting  first  occurs 
Wright  Patterson  AFB 
Source:  Reference  4 


SMOKE 

POINT 

(mm) 


Figure  3  ASTM  Smoke  Point 


Figure  4  Optical  Configuration 


0.  Optical  System 

The  method  adopted  for  the  point -measurement  of  particle  site  and  number  density  of  soot 
particulate  was  scattering  intensity  ratioing.  Figure  4  illustrates  the  optical  configuration,  a 
modification  of  that  used  previously  [S].  This  earlier  work  utilized  collection  optics  at  10°  and  S° 
off  the  optical  axis.  The  current  work  employed  collection  optics  at  60°  and  1^0°  to  reduce  the  smallest 
size  of  particles  that  can  be  resolved  from  0,3  to  0.08  pti. 

A  S-watt  Model  16b  Spectra-Physics  argon-ion  laser  operating  in  the  multiline  mode  was  used  as 
the  source  of  light.  The  laser  lines  were  separated  by  a  dispersion  prism  to  resolve  the  green  line 
(614.6  nm)  and  blue  line  (488.0  nm).  The  green  line  was  directed  to  a  beam  stop.  The  active  beam,  the 
blue  laser  line,  was  focused  to  a  110  un  waist  diameter  using  a  60  nm  diameter  F/6  focusing  lens.  The 


scattered  intensity  was  detected  at  60“  and  20“  which  provides  a  particle  size  detection  band  of 
0.08  pn  <  d  <  0.38  pn.  Other  angles  are  available  but  60“/20“  provides  the  smallest  resolvable  size 
(0.08  ph)  0?  those  pairs  available. 

The  scattered  light  was  focused  to  two  photomultiplier  tubes  (RCA  Model  8576)  having  guantum 
efficiencies  of  approximately  15%  at  the  488.0  nm  wavelength.  The  supply  voltage  to  the  tubes  was 
approximately  1100  volts. 

The  output  signal  from  the  photomultiplier  tubes  was  passed  into  a  Spectron  Oevelopment 
Laboratories  (SOL)  Model  LA-1000  logarithmic  amplifier  which  converted  the  negative  current  to  a 
positive  voltage  and  was  scaled  for  +10  volts  peak  output  when  the  input  current  was  -1  mA.  The 
amplified  signals  were  then  fed  to  a  SOL  Model  RP-lOOl  Intensity  Ratio  Processor  (RP).  The  RP 
registered  and  processed  the  peaks  of  the  two  signals  provided  certain  criteria  were  met.  The  OC  levels 
input  from  the  two  channels  were  processed  by  an  analog  subtractor  circuit  which  amplified  the  signal 
with  a  gain  of  five  (5)  and  converted  the  signal  to  an  8-oit  binary  number.  The  RP  had  a  variable  lower 
threshold  voltage,  allowing  a  measure  of  control  over  the  rejection  of  background  noise. 

The  binary  output  was  fed  to  an  Apple  11  microcomputer,  which  resolved  this  output  into  62  bins. 

The  size  distribution  was  determined  by  the  number  of  counts  in  each  bin,  where  each  bin  encompassed  a 
discrete  size  range.  The  counts  in  each  bin  were  then  divided  by  the  time  reguired  to  collect  them, 
resulting  in  a  count  rate  (counts/sec).  A  histogram  was  then  generated  of  normalized  data  rate  versus 
size  (in  microns).  The  normalization  of  this  histogram  was  under  the  operator's  control  through  the 
system  software.  The  histogram  could  be  normalized  to  itself  (giving  the  bin  with  the  highest  sooting 
rate  an  intensity  of  1.0);  it  could  be  normalized  to  the  highest  sooting  rate  among  all  the  histograms 
generated  for  a  particular  fuel;  or  it  could  be  normalized  to  the  highest  sooting  rate  among  any  number 
of  fuels  or  operating  conditions.  The  results  of  this  normalization  procedure  are  evident  in  Figures 
6,8,9,  and  10. 

The  interpretation  of  the  measured  intensity  ratio  is  based  on  the  analysis  of  the  Mie  scattering 
properties  of  a  homogeneous,  isotropic  spherical  particle.  The  effects  caused  by  nonspherical 
scatterers  with  an  uncertain  index  of  refraction,  however,  requiries  special  consideration.  An 
evaluation  of  such  effects,  considered  in  an  earlier  study,  concluded  that  the  combined  error  was  20-30 
percent  with  some  broadening  of  the  distribution  [5]. 

Calibration  of  the  optical  system  was  performed  using  polystyrene  particles  of  a  known  size  (mean 
diameter  •  0,255  im,  standard  deviation  =  0.9%).  The  calibration  was  then  routinely  followed  by  a 
system  performance  check,  performed  using  propylene  (Matheson  C.P.  grade,  99.0%  minimum).  After 
attaining  thermal  equilibrium,  six  points  in  the  flow  field  were  monitored  for  soot  data  rate  and  size 
distribution.  This  check  was  instituted  to  track  the  day-to-day  variation  in  combustor  performance. 
Thus,  it  served  as  a  means  of  checking  the  continuity  between  the  tests  of  different  fuels  and  of 
different  operating  conditions  performed  over  a  span  of  two  months.  At  any  given  station,  the  variation 
in  the  peak  of  the  size  distribution  of  the  soot  generated  from  propylene  never  exceeded  10%  of  the 
nominal  value  of  U.27  u".  The  data  rate  was  more  variable.  At  the  three  axial  stations,  variation  in 
the  data  rate  along  the  centerline  over  the  two-month  period  was  approximately  30%.  Away  from  the 
centerline  (e.g,,  r/R  •  0.50),  the  variability  in  data  rate  reached  40  to  50%.  However,  the  variability 
was  generally  excessive  only  at  positions  where  sample  collection  rates  were  relatively  low.  The 
variability  of  the  data  rates  is  not  unreasonable  at  this  juncture  of  the  system  development.  Several 
parameters  of  the  measurement  system  can  influence  the  rate  including  the  alignment  and  focusing  of  two 
optical  detectors  at  a  coincident  point,  and  the  signal  processor  thresholds. 

E.  Test  Matrix 

The  test  matrix  for  the  present  study  is  presented  in  Table  3.  The  nominal  overall  equivalence 
ratio  for  the  isooctane  and  three  blends  was  O.5.  For  the  dilution-to-swirl  air  ratio  of  unity,  the 
primary  zone  loading  approximated  the  value  in  a  practical  combustor  of  near-stoichiometric.  The 
effects  of  fuel  loading  and  ferrocene  additive  were  demonstrated  for  two  of  the  blends.  The  combustor 
was  operated  at  a  reference  velocity  of  7.5  m/s. 


Table  3  Test  Matrix 


Fuel 

Uverall  Equivalence 

Ratio 

♦ 

Figure 

Isooctane 

0.5 

5.6 

Blend  1  - 

21% 

Toluene 

0.5 

7,8,9,10 

79% 

Isooctane 

0.3 

9 

0.5* 

10 

Blend  2  - 

8% 

Tetralin 

0.5 

8 

92% 

Isooctane 

Blend  3  - 

5% 

1-Methyl  naphthalene 

0.5 

8.9,10 

95% 

Isooctane 

0.3 

9 

0.5* 

10 

*ferrocene  additive 


Results 


The  results  are  (jresehted  in  two  groups.  The  performance  and  utility  of  the  optical  system  for  in- 
situ,  nonintrusive  measurements  of  soot  size  and  number  density  is  first  evaluated.  Second,  the  effects 
of  fuel  molecular  structure,  fuel  loading,  and  ferrocene  additive  on  the  spatial  variation  of  soot  size 
and  number  density  within  the  combustor  are  assessed. 

A.  Evaluation 


Performance.  An  example  of  the  data  provided  by  the  optical  system  is  shown  in  Figure  b.  The 
histogram  represents  the  distribution  of  intensity  ratio  for  16094  validated  samples.  The  data  rate  is 
derived  as  the  division  of  tne  number  of  validated  samples  (16094)  by  the  total  sample  time  {B.6 
seconds)  to  yield  a  value  of  1871  Hz.  The  data  rate  for  each  sampling  location  is  listed  in  Table  4. 


DATE!  aiHArsa 

SERIES:  ISOOCT  RUN:  1603  3IMAr83 
COrWENT:  D-DATA  MV  1  1 80/ 1 220  LASER-IW 

R/»"0.so  x/n*2.3  ee/Rco.3  v^r.sn/s 


MAX  RAM  COUNT  •  764 
TOTAL  RAM  COUNT  =  16094 
SAMPLE  TIME:  8.6  SECONDS 


LISTING  OF 

PAW  COUNTS 

BIN 

BIN 

PATIO 

COUNT 

RATIO 

COUNT 

.  946 

31 

.321 

998 

.913 

98 

.  31 
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.  SSI 

46 

.299 

471 

.35 

62 

.289 
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.  32 

50 

.278 

470 

.^91 

81 
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.76? 
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.299 

274 

.736 

ica 

.23 
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.241 

213 

.683 
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.232 
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.224 
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.63? 

202 

.216 

136 

.613 

183 

.209 

109 

.393 

294 

.201 

89 

.372 
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.  194 

60 

•  332 
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.  187 

93 
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.  IBI 

40 

.313 

449 

.  174 

44 

.493 

999 

.  168 

42 

.478 

989 

.  162 

27 

.  461 

949 

.  196 

28 

.  444 

644 

.  191 

19 

.429 

632 

.  149 

14 

.414 

.’’19 

.  14 

19 

399 

663 

.  139 

12 

.389 

799 

.13 

10 

.371 

764 

.  126 

9 

.338 

748 

.  121 

10 

.  349 

673 

.  113 

7 

.  333 

714 

Figure  5  Representative  Optical  Data 

(Isooctane,  if  =  0.5,  x/R  =  2.3,  r/R  =  0.50) 


The  utility  of  a  point  measurement  is  the  ability  to  map  the  combustor  for  soot  size  and  number 
density.  An  example  of  such  a  mapping  is  presented  in  Figure  6.  Radial  profiles  of  optically-measured 
soot  size  and  number  density  are  presented  at  three  axial  locations  within  the  combustor.  In  this 
figure,  and  in  Figures  8,9,  and  10,  radial  and  axial  locations  are  non-dimensional i zed  to  the  combustor 
radius,  R  »  40  mm.  For  purposes  of  scaling  the  histograms  in  these  three-dimensional  plots,  the 
histogram  that  exhibits  the  peak  data  rate  in  the  field  is  presented  in  the  upper  left  corner  of  each 
plot.  The  histograms  of  Figure  6  are  normalized  to  the  peak  sooting  rate  of  the  isooctane/tetralin 
blend  in  Figure  8.  As  a  result,  the  peak  data  rate  in  Figure  6  (as  shown  in  the  histogram  in  the  upper 
left  corner)  is  less  than  unity.  (Note  also  that  this  histogram  corresponds  identically  to  the 
histogram  of  Figure  5).  The  areas  of  peak  soot  concentration  for  isooctane  can  be  identified  (x/R  » 
2.3;  r/R  »  U.50,  0.67),  and  the  reduction  of  soot  at  progressive  stations  downstream  is  clearly 
evident.  No  substantial  change  in  particle  size  distribution  is  evident. 


jIB#' 

Figure  6  Spatial  Nap 
j)  (Isooctane, a  *0.5) 


Table  4  Data  Rate  (Hz) 


Fuel  Fquivalence  Locat'on  Piqjre 

Watio  _  _  _  _ 


Axial 

x/R 

0 

0.17 

Radial 

r/R 

0.33 

0.50 

U.b/ 

1 sooctdne 

n.s 

2.3 

710 

894 

1450 

1871 

1675 

64/ 

5,6 

3.7 

389 

580 

617 

884 

1147 

1295 

b.O 

601 

389 

216 

248 

365 

58 1 

blend  1 

0.5 

2.3 

1055 

1304 

875 

647 

1468 

2563 

211  roluene 

3.7 

1178 

1422 

1637 

1750 

2037 

1755 

791  Isooctane 

5.0 

1321 

1441 

1801 

2104 

2193 

2076 

fJ.3 

2.3 

1432 

1108 

871 

118/ 

1208 

7  32 

q 

3.7 

1328 

925 

528 

416 

505 

619 

5.0 

1187 

753 

374 

221 

216 

304 

w/ferrocene 

0.5 

2.3 

1628 

1478 

1339 

1025 

1443 

1548 

lu 

3.7 

1364 

1258 

1458 

1760 

2081 

2388 

s..n 

1268 

ir70 

1150 

1844 

2094 

2373 

Blend  2  0.5 

2.3 

1200 

1590 

1347 

1175 

1631 

2236 

8 

8t  Tetrad  in 

3.7 

1269 

1293 

1717 

2104 

2361 

2708 

92%  Isooctane 

5.0 

1164 

1081 

1291 

1686 

2032 

2405 

Blend  3 

0.5 

2,3 

1178 

1578 

1549 

1077 

1010 

826 

8.9,10 

5%  1-Methyl- 

3.7 

1375 

1353 

1697 

2192 

2135 

1526 

napBthalene 

5.0 

1223 

1073 

1191 

1612 

2090 

2411 

95%  Isooctane 

0.3 

2.3 

643 

408 

284 

742 

1464 

1796 

9 

3.7 

507 

234 

116 

213 

566 

1131 

5.0 

407 

215 

87 

65 

136 

281 

w/ferroceoe 

0.3 

2.3 

1235 

1485 

1643 

1434 

1492 

1558 

10 

3.7 

1246 

1186 

1438 

1939 

2339 

1984 

5.0 

982 

855 

909 

1311 

1764 

2293 

Validation.  To  validate  the  optical  system,  the  optical  probe  was  positioned  at  the  entrance  of  an 
extractive  probe  used  previously  [5].  The  extractive  probe  was  located  at  an  axial  plane  (x/R  «  b.O) 
and  radial  location  (r/R  =  0.83)  well  displaced  from  the  centerline  where  flow  perturbation  was  expected 
to  be  minimized.  Two  analyses  of  the  extracted  sample  —  scanning  electron  microscopy  and  gravimetric 
--  were  conducted  and  compared  to  the  optical  results. 

The  morphology  of  the  soot  is  agglomerates  of  smaller  (■m.Ob  pn)  spherical  particles  which  is 
consistent  with  the  morphology  and  size  observed  in  other  combustor  studies  (e.g.,  [4,b,Z9,3u]) .  An 
example  of  the  size  distribution  derived  from  a  scanning  electron  micrograph  (SEM)  of  the  extracted 
sample  is  compared  to  the  optical  measuremeht  for  an  isooctane/toluene  blend  in  Figure  7a.  Particle 
sizes  observed  optically  are  also  revealed  by  the  SEM  data.  However,  it  is  evident  that  the  range  of 
particle  sizes  resolved  by  the  60°/20°  intensity  ratioing  (1)  is  at  the  large  particle  end  of  the  SEM 
distribution,  (2)  encompasses  only  a  small  portion  of  the  total  number  of  particles,  (3)  includes  the 
agglomerates,  and  (4)  excludes  the  primary  particles. 

Although  the  optical  data  do  not  include  the  peak  size  of  the  actual  distribution  (~0.05  pn,  the 
size  of  the  primary  particles),  the  optical  data  appear  to  accurately  reflect  a  secondary  peak  located 
in  the  large  particle  wing  of  the  SEM  data.  To  more  effectively  compare  the  two  sets  of  data,  the  SEM 
data  are  renormalized  in  Figure  70  to  the  secondary  peak  in  data  rate  that  occurs  in  the  large  particle 
wing  of  the  SEM  distribution  (d  ~  0,22  pn).  The  optically-measured  peak  in  data  rate  appears  to  be 
real  and  reflect  a  discontinuity  in  particle  size  associated  with  agglomerate  growth.  However,  the 
extent  to  which  the  optically-measured  data  rate  is  reduced  on  the  small  particle  side  of  the  peak  may 
be  exaggerated.  This  is  attributed  to  an  inaccuracy  in  the  optical  technique  associated  with  the 
Gaussian  intensity  profile  of  the  incident  laser  beam.  A  relatively  small  particle  passing  though  the 
laser  beam  at  the  wing  of  the  Gaussian  intensity  profile  may  not  scatter  enough  light  to  the  detectors 
to  meet  established  threshold  levels  on  the  RP,  whereas  a  larger  particle,  passing  through  the  same 
region  of  the  beam,  will  scatter  enough  light  to  be  recorded.  This  acts  to  artificially  suppress  the 
low  end  of  the  distribution.  This  inaccuracy  is  amenable  to  an  analytically  derived  "probe  volume" 
correction  which  could  be  implemented  through  the  reduction  software,  in  essense  giving  the  system  a 
flat  response  throughout  the  range  of  sizes  it  is  theoretically  capable  of  measuring. 

The  present  application  of  this  optical  technique  uncovered  other  factors  that  also  can  influence 
the  measured  size  distribution.  The  event  threshold  setting  is  a  Schmidt -trigger  based  control  used  to 
prevent  the  RP  from  triggering  more  than  once  per  particle  count  due  to  a  noisy  signal.  Upon  the 
initial  detection  of  a  rising  signal,  the  RP  drops  Its  reset  level  Immediately  to  a  lower  voltage. 
Insuring  that  noise  superimposed  on  the  true  signal  does  not  reset  the  RP  and  produce  multiple-count 
responses  as  one  particle  passes  through  the  laser  beam.  As  the  event  threshold  setting  is  manually 
lowered,  an  increasing  number  of  small  particles  are  able  to  meet  the  threshold  voltage.  The  small 
particle  end  of  the  distribution  can  thus  be  boosted  relative  to  the  large  particle  end.  In  addition  to 


the  threshold  settihg,  the  dynamic  range  of  the  system  is  maximited  By  settihy  the  hiyh  voltaye  on  each 
photo-multiplier  tube  (PMT).  The  procedure  is  to  set  the  PMT  yains  such  that  the  maximum-sue  particle 
capable  of  beiny  measured  yives  a  lUV  output  to  the  RP.  This  maximum-size  particle  (U.3tf  ini  for  bO^/ilU" 
IK),  however,  scatters  liyht  to  the  PMTs  with  an  intensity  dependent  upon  where  it  traverses  the 
Gaussian  intensity  profile  of  the  laser  beam.  If  the  PMT  gains  are  set  too  low,  small  particles  may  not 
reach  the  lower  threshold  value.  If  set  too  high,  some  larger  particles  (but  still  below  u.38  uit  in 
size)  may  cause  an  output  of  >1UV  to  the  WP  and  be  invalidated.  Thus,  the  resulting  size  distribution 
can  be  altered  and/or  truncated  at  the  low  or  high  end,  depending  on  the  PMT  gains.  Finally,  a  I i gnment 
to  insure  that  the  two  detectors  are  viewing  identical  areas  at  the  waist  of  the  laser  beam  is 
necessary.  If  the  viewing  area  of  one  detector  is  moved  relative  to  the  viewing  area  of  the  other,  the 
area  of  coincidence  may  be  narrowed  and  reside  on  the  winy  of  the  Gaussian  intensity  profile  of  the 

laser  beam,  thereby  suppressing  the  low  end  of  the  distribution.  A  calibration  of  the  optical  techniyue 

using  either  monodispersed  latex  seeds  of  at  least  three  sizes,  or  a  carefully  prepared  and  introduced 
polydi spersed  mixture  of  known  distribution  may  be  effective  in  setting  the  threshold,  PMT  yains,  and 
alignment  to  the  optimum  values  and  thereby  minimize  the  uncertainty  associated  with  the  measured  size 
distribution. 

In  Figure  7c,  both  the  optical  and  SEM  distributions  are  presented  in  terms  of  mass  density. 
Although  the  difference  in  relative  peak  levels  is  not  as  pronounced,  it  is  nonetheless  still 
striking.  The  gravimetric  sample  extracted  yielded  a  mass  concentration  of  ~20U(J  py/m^  whereas  a  mass 
concentration,  calculated  by  combining  the  optical  data  (size  distribution,  data  rate)  with  the  size  of 
the  optical  probe  cross-sectional  area  relative  to  that  of  the  extractive  probe,  indicated  a  level  of 
'250  ug/m^.  Because  the  size  range  resolved  by  the  optical  technique  represents  approximately  jne-half 
the  total  mass  of  the  particulate  (Figure  7c),  the  optically-deduced  mass  concentration  must  be  doubled 
to  ~500  ug/m'^  for  direct  comparison  to  the  gravimetric  value.  The  resultant  factor  of  four  difference 
between  the  optical  and  gravimetric  values  is  attributed  to  both  the  rejection  by  the  RP  of  a  portion  of 

the  particle  scores  due  to  validity  checks  and  approximations  (e.g.,  effective  optical  sampling  volume) 

associated  with  the  calculation  of  the  mass  concentration  from  the  optical  data. 


Figure  7  Validation 

(Isooctane/Toluene,  4  •  0.5,  x/R  •  5.0,  r/R  >  0.83) 

(a)  Number  Density 

(b)  Number  Density  Renormalized 

(c)  Mass  Density 


B.  Parametric  Assessment 


Fuel  Molecular  Structure. 


The  results  for  the  effect  of  fuel  molecular  structure  on  soot  size  and 


number  density  are  presented  in  Figure  ii  for  the  three  blends  (79*  isooctane/21*  toluene;  92* 
isooctane/8t  tetralin;  9b*  isooctane/bl  1-methylnaphthalene)  prepared  to  yield  the  same  smoke  point  as  a 
JP-8  stock.  The  data  are  normalized  to  the  peak  data  rate  observed  with  the  three  fuels,  namely  that  of 
the  tetralin  blend.  The  data  rates  are  tabulated  in  Table  4. 

It  is  first  noteworthy  to  compare  the  results  for  the  isooctane  blends  with  the  results  for  the 
pure  isooctane  (Figure  6),  which  is  also  normalized  to  the  tetralin  blend.  The  data  rate  for  the  blends 
are  generally  a  factor  of  i  higher  than  the  data  rates  observed  for  the  pure  isooctane.  Hence,  the 
addition  of  ring  compounds  (as  small  as  5*  by  volume  in  the  case  of  1-methylnaphthalene)  has  a 
substantial  impact  on  the  soot  produced.  Secondly,  a  significant  increase  on  the  small  particle  side  of 
the  distribution  occurs  in  the  case  of  the  blends,  especially  for  isooctane/toluene  and 
isooctane/tetralin,  indicating  that  a  peak  in  the  number  density  of  the  agglomerates,  if  real,  is  not  as 
sharp  as  that  observed  for  isooctane.  Thirdly,  the  position  in  the  flowfield  where  the  data  rate  peaks 
is  clearly  different  for  the  blends.  For  isooctane,  the  data  rate  peak  occurs  at  a  radial  position 
midway  between  the  centerline  and  the  wall,  approximately  coincident  with  the  radial  boundary  (i.e., 
shear  layer)  of  the  recirculation  zone.  For  the  blends,  the  peak  occurs  at  the  wall,  varying  only  in 
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Figure  8  Fuel  Molecular  Structure 
(  ♦  =  O.b) 

(a)  Isooctane/Toluene 

(b)  Isooctane/Tetralin 

(c )  Isooctane/ 1 -Methy 1  naphtha lene 


axial  location  among  the  blends.  This  suggests  that  the  slower  rate  of  pyrolysis  associated  with  the 
ring  compounds  extends  the  time  over  which  soot  is  formed  (as  well  as  increasing  the  amount)  leading  to 
a  different  spatial  distribution  of  soot  than  that  found  for  pure  isooctane.  The  implication  is  that, 
to  accommodate  a  fuel  of  significantly  different  fuel  molecular  structure  in  a  given  combustor,  the  fuel 
spray  pattern  and/or  the  primary  zone  aerodynamics  must  be  modified  to  suppress  an  attendent  increase  in 
the  production  of  soot. 

Finally,  the  production  of  soot  is  remarkedly  similar  for  the  three  blends  mixed  to  yield  the  same 
ASTM  smoke  point.  In  this  regard  it  should  be  noted  that  the  three  fuel  blends  of  the  same  smoke  point 
are  of  different  hydrogen  contents  (Table  2).  The  tetralin  blend  and  the  1-methylnaphthalene  blend  are 
essentially  of  the  same  hydrogen  content  as  well  as  smoke  point.  Their  similar  sooting  properties  in 
the  complex  flow  are  not  surprising.  The  hydrogen  content  of  the  toluene  blend  is  one  weight  percent 
lower.  A  soot-hydrogen  content  correlation  would  predict  its  sooting  tendency  to  be  higher  than  that  of 
the  two  other  blends.  The  fact  that  the  blends  containing  multiring  elements  soot  in  a  manner  similar 
to  the  lower  hydrogen  content,  single  ring  aromatic  blend  is  consistent  with  the  results  in  a  stirred 
reactor  115]  and  practical  combustors  [16,17]. 


(a)  V>  =  0.5 


>^  =  0.3 


(b)  <P  =  0.5 


JtH' 


<^  =  0.3 


jei7 


Figure  9  Fuel  Loading 

(a)  Isooctane/Toluene 

(b)  Isooctane/ 1  -Meth lynaphtha 1 ene 


Fuel  Loading.  Optical  measurements  were  taken  at  a  reduced  overall  eguivalence  ratio  ( fi  =  0.3)  to 
test  the  effect  of  fuel  loading.  For  brevity,  results  are  presented  for  two  blends  (791  isooctane/21% 
toluene;  95%  isooctane/5%  l-methyl naphthalene)  i.i  Figure  9.  The  data  rate  histograms  are  normalized  to 
the  peak  data  rate  for  the  parent  fuel  at  the  elevated  fuel  loading  (a  =  O.b).  The  reduction  in  fuel 
loading  has  a  substantial  impact  on  the  soot  roduced.  Such  a  change  affects  not  only  the  total  fuel 
introduced,  but  also  the  spatial  distribution  of  the  fuel  introduced,  the  local  mixture  ratio,  and  the 
local  temperature. 

Ferrocene.  The  ferrocene  additive  was  added  to  the  same  two  fuel  blends  evaluated  under  fuel 
loading  (F)gure  10).  The  effect  of  the  ferrocene  addition  on  the  ASTM  smoke  number  is  presented  in 
Table  2.  The  additive  was  effective  in  raising  the  smoke  point  in  both  cases  (indicating  that  the 
sooting  propensity  was  reduced)  although  the  relative  effectiveness  depended  on  the  fuel  type.  In  the 
aerodynamical ly  controlled  flow  of  the  DSC,  the  effect  of  the  ferrocene  depended  on  fuel  structure.  A 
calculation  of  the  total  soot  passing  the  x/K  •  5.0  axial  plane  (obtained  by  combining  the  data  rates  of 
Table  4  with  the  annular  cross  sectional  area  represented  by  each  of  the  six  radial  sampling  locations 
—  note  that  the  x/R  «  0.83  radial  sampling  point  represents  50%  of  the  total  cross-sectional  area) 
yielded  a  reduction  in  soot  emitted  in  the  presence  of  ferrocene  of  20%  for  the  l-methyl naphthalene 
blend  and  no  change  for  the  toluene  blend.  The  toluene  results  are  consistent  with  an  earlier  study 
[4],  but  the  l-methy1naphthalene  results  are  opposite  from  those  observed  earlier  where  an  increase  in 
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Fiyure  10  Ferrocene 

(a)  Isooctane/Toluene 

(b)  lsooctane/1 -Methyl naphthalene 


sootiny  for  the  double  ring  aromatic  blend  (9b%  isooctane/b%  1-methylnaphthalene)  was  Observed.  This 
difference  is  attributed  to  the  relatively  high  fuel  loading  in  the  primary  zone  of  the  combustor 
configuration  and  nozzle  employed  in  the  earlier  study  as  compared  to  the  present  .Ludy.  and  indicates 
the  role  of  the  fuel/air  mixing  and  fuel  molecular  structure  in  determining  the  additive  impact. 


Conclusions 


An  optical  system  for  the  local,  in-situ  measurement  of  soot  size  and  number  density  has  been 
demonstrated  in  an  aerodynamical ly  controlled  flowfield  representative  of  a  practical  turbine 
combustor.  The  utility  of  such  a  diagnostic  tool  is  the  provision  of  detailed  mapping  to  identify  the 
regions  of  soot  formation  and  burnout  in  a  complex  flow  In  the  present  case,  this  capability  was 
applied  to  changes  in  fuel  molecular  structure,  fuel  loading,  and  the  addition  of  a  fuel  additive. 

Regions  of  particulate  formation  and  reduction  are  Indicated  by  spatial  maps  of  soot  size  and 
number  density.  The  addition  of  ring  compounds  to  the  base  Isooctane  substantially  changed  the 


distribution  of  soot  und  increased  the  overall  emissions  b>  iuu%.  Tne  eroouction  of  soot  was 
subst ant i a  1  ly  reduced  by  a  decrease  in  fuel  loadiny,  and  maryinally  reduced  or  not  atfected  by  tne 
addition  of  ferrocene  dependiny  on  fuel  structure.  Not  only  was  the  number  density  of  soot  affected, 
but  the  point  in  the  flow  where  the  soot  number  density  peaked  chanyed  s i yni f icant ly  with  chanyes  in 
fuel  molecular  structure,  and  additive  introduction.  These  spatial  variations  in  tne  amount  of  soot 
produced  point  to  the  importance  ot  spatially-resolved,  nonintrusive  optical  measurements  in  order  to 
yuide  combustor  desiyn.  nozyle  design,  and  fuel  property  specifications  for  future  fuels, 

Althouyh  the  demonstration  itself  was  successful,  and  tne  parametric  variation  was  valuable  in 
providiny  the  first  insiyhts  into  tne  sootiny  behavior  resident  in  these  types  of  flows,  yuestions 
raised  duriny  the  conduct  of  this  study  must  be  resolved  if  (1)  the  optical  techniyue  is  to  reach  i's 
full  potential,  and  (2)  tne  data  derived  from  such  systems  is  to  be  of  yuantitattve  value  as  well  as 
qualitative  value. 

A  probe  volume  correction  is  necessary  to  supppress  the  biasiny  of  the  size  distribution  at  the 
small  particle  end  of  the  distribution,  and  a  refined  calibration  method  is  necessary  to  reduce  the 
uncertainty  in  the  distribution  associated  with  aliynment  of  the  two  detectors,  settiny  various 
threshold  levels,  and  establishiny  the  PMT  gains.  In  addition,  complementary  or  alternative  optical 
techniques  must  be  pursued  to  extend  tne  resolvable  size  to  encompass  sizes  below  u.Ub  in  if  the  entire 
size  distribution  is  to  be  represented. 
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DISCUSSION 


S.Wittig,  (ie 

Vour  results  are  quite  encouraging  especiall..  in  their  extension  to  smaller  particles.  Iloweier,  w  hen  we  at  I’linJiie 
and  later  in  Karlsruhe  continued  to  develop  the  KSPC  (Ratio-Single-Particle-Coiinteri  based  on  (iravatt’s  ideas  and 
extended  it  to  nuilliple  scattering  I.MRSPCI.  we  tried  to  stay  close  to  the  I'orward  scattering  lobe  for  reasons  which 
have  been  explained  by  us  in  detail  and  are  well  known  (refractive  index,  distance  of  the  probe  volume  from  the 
wall  etc  ),  llov  sensitive  are  your  measurements  using  relatively  large  angles  (60' i  to  changes  in  the  refractive 
index  ’  Do  you  feel  your  arrangement  can  be  applied  to  practical  combustors  with  large  diameters  ’  How  did  you 
achieve  the  high  sensitivity  ’  Finally  a  brief  comment  thv  biasing  problem  has  been  solved  by  us  in  Karlsruhe. 

The  computer  program  in  combination  with  optical  modifications  is  routinely  used  practically  on-line.  Fxcellent 
results  even  in  narrow  bimodal  distributions  are  obtained. 

Author's  Reply 

The  effect  due  to  an  uncertain  index  of  refraction  was  inspected  by  both  ('hu  and  Robinson  t  Id?')  and  llirleman 
(  I  d77).  Their  findings  show  that,  for  absorbing  particles  (as  in  the  case  with  soot  particles),  the  error  due  to  an 
uncertainty  in  the  index  of  refraction  is  very  small  ( typically  several  percent  I.  I  lowever.  for  nonabsorbmg  particles 
(as  is  the  case  in  the  cold  flow  calibration  described  here),  an  error  as  much  as  75  per.  ent  can  occur  depending  on 
the  size  of  the  particles.  For  the  present  study  at  (>0“  7(1°.  the  scattering  calculations  using  indices  of  refraction 
for  soot  and  polystyrene  latex  particles  of  n  =  1.57  -  O.spi  and  n  =  I  (>0  —  Oi.  respectively,  yielded  identical 
results  for  scattering  intensity  ratio  vs.  size  except  for  a  band  of  particle  sizes  0.75  <  d  <  0.35  pm  where  the 
deviation  in  size  approached  7  percent  The  (v()°  scattering  angle  requires  a  wide  window  of  optical  access  that 
will  restrict  application  to  laboratory  combustors  rather  than  practical  combustors  (where  optical  access  will  likely 
be  limited). 

The  intensity  of  light  scattered  from  particles  in  the  size  range  0.08pm  lo  0.38  pm  varies  by  d^  or  a  factor  greater 
than  10*.  To  obtain  adequate  sensitivity  over  this  large  dynamic  range,  a  logarithmic  amplifier  was  designed  lo 
yield  a  7  volt  output  for  every  decade  change  in  input  from  the  pbotomultiplier  This  output  provides  a  high 
stgnal-to-noise  ratio  and.  in  combination  with  noise  discrimination  logic  in  the  Ratio  Processor,  yields  a  high  valid 
to  invalid  data  rate. 
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ETUDE  EXPERIMENTALE  ET  MODELISATION 
DE  LA  CINETIQUE  DE  COMBUSTION  DEE  HYDROCARBURES 
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1.0==  lorjfMS  pr*^m  i »' f’‘tap*‘5  <io  la  c«')nibu«t  i  on  (!<•«  >iy<l  r  <ica  tbu  r  ‘•ont  ratacfoi  i- 
‘•♦‘Hc  f,ar  uno  <.!  t  i  on  (1«‘  1  •  hvd  roca  rhnro  initial  on  f  ra/».TTient  hy<l  r  oca  rbono‘  .i  p'otii  noT- 

bro  f1 'atom  os  do  carbono.  I. a  mf>dolisati  on  do  la  c  ombu  s  t  i  on  dans  I  o  t  u  r  homa  c  hM  no  «-  nor  >  i  t  o 

done  la  c  onna  i  sa  no  o  do  la  cito  i  iqno  <1  * -.x  yda  1 1  on  <lo  cos  fraf’mont®. 

bn  pro-onto  lo^^  to'-h  1  t  a  t d'otndos  (*ffoctuoes  l*oxydation  flvi  iiofano  ot  d  f' 

i'dtbyibno  dan*^  r1o^  rbactonrs  -i  »-cc>\i  I  omont  »  pour  rlos  prossions  compnicos  ontro  I  ot  b  I'p  r  . 

(In  firopo’^o  nr'  m»‘cani*-mo  di^taillo  pour  i  onr  'O  compto,  par-  cimnlafion,  do  rms  ro- 
snli.ats  oxpbr  i  mon  taux  ain'^i  qvio  <lo  coux  obtonu*=  par  d'autr  autours  ‘^olon  do-^  t  or  b  n  i  (pj  o  s 
diffbrontos  ot  ronvrant  un  champ  oxpbrinontal  btonrlii. 


POSITION  DU  PHOBLEME 

I. a  chimio  do  la  combustion  tient  uno  placo  importanto  dans  la  mod  b  1  i  “^a  t  i  on  doi^ 
foyers  do  t  u  rhorba  c  t  ours  ot  les  pro^rb'--  rbalisbs  dans  los  mbthodos  d'analyso  numbriquo  prr- 
mettont  do  dbcriro  do  manibro  de  plus  on  plus  prbeiso  los  mbcanismos  rbactinnnels  su‘=cop- 
tiblos  d'lntervenir  dans  los  chambros  do  combustion.  La  comploxitb  croi^eanto  do«  cinbti- 
quo*=  proposbos  va  do  pair  avoc  lo  dbvo  l  oppomont  do*-  mbthodos  <lo  calcul. 

A  I’houre  actuollo,  los  modblos  cinbtiquos  auxquoJs  on  fait  appol  eont  nbcoesai- 
roment  eimplifios,  car  los  conna i s sancos  concornant  les  btapos  blbmontairop  de  la  combus¬ 
tion  d ' hydroca rbure s  lourds  sent  encore  trbs  limitbes;  il  est  on  offet  impossible  do  dbcri¬ 
ro  de  manibro  dbtaillbo  la  combustion  d*un  mblan;»o  aussi  comploxe  tpio  lo  Kbroseno. 

La  miso  au  point  d*un  mbeanismo  simplifib  nbcossito  I'obtention  de  donnbos  cinb¬ 
tiquos  a  I'aido  <i '  oxpbr  i  oncos  suffisammont  roprbsonta  t  i  vos  dos  conditions  rbp.nant  dans  un 
foyer,  ma i «  pormettant  une  in t erprb t a t i on  plus  aisbo  dos  rbsultats,  Ain«i,  un  certain  nom- 
br'o  do  travaux  (l)  ont  permis  do  montror  que  los  promibro®  btapos  do  la  combustion  des  hy- 
drocarbui'os  supbrieurs  sont  ca  rac  f  <  Vi  sees  par  (roe  pyroiysf^  do  la  molbculo  initialo  on  fraff- 
monts  hydrocarbonbs  do  plus  fai‘  aO  poids  molbculairo.  Los  experiences  rbalisboc  dans  un  rb- 
actour  a  bcouletnont  turbulent  sur  des  aicanos  de  C2  ^  rbvbiont  la  prbsenco  do  pro[>bno  et 
d'ethylbne  comme  intormbd ia ires  preponderants  '2).  Quant  a  I'btudo  de  la  distribution  des 
produits  do  degradation  primaire  du  kerosbne,  olio  rosto  encore  a  faire,  ma i s  il  a  btb  montrb 
(3)  qu’a  partir  de  HOC^C  environ,  los  produits  Ibgers  (C<'))  devionnont  prbpondbrant  s .  Si 
l*on  excepte  les  7ones  tubes  immediatement  a  la  sortie  do«  injecteurs  et  les  7ones  ou  so 
forment  les  suies,  la  combustion  du  kerosene  est  on  grande  partio  uno  combustion  d’hydrp- 
carbures  do  C2  a  C14  . 

Intbretdoe  mbeanismes  dbtaillbs: 

Les  modeles  cinbtiquos  a  uno  soule  reaction  globalo  ont  btb  longtemps  les  souls 
utilises  pour  dbcriro  la  combustion  dans  un  foyer  de  turbomachine  ou  un  foyer  hornogbne.  Lno 
btu<le  de  I'Vstbrook  et  Dryer  (•^)  rend  compte  desrbsultats  obtenus  avec  uno  telle  cinbtique  pour 
calculer  des  vitesses  de  flammes  d*  hydrocarbures ,  La  memo  btutie  indique  los  limito®  d'appli- 
cation  d'une  cinbtique  globalo  a  uno  reaction  et  prb«ente  les  ameliorations  apportbos  par 
los  schemas  cinbtiquos  a  deux  btapos,  ainsi  que  par  un  modelo  quasi-global  du  type  de  celui 
proposb  par  Fdelman  et  Fortune  ( '>  ) »  Cos  deux  schemas  perniottent  de  reproduire  correctement 
les  vitesses  de  flammes  d'lin  grand  nombre  d  *  hyd  roca  rbures ;  cependant,  il  est  montrb  que  le 
modbie  quasi-global  no  donne  pas  une  bonne  reprbsenta t i on  des  profils  de  concentration  de 
I'oxyde  do  carbono  ot  des  atomes  ou  radicaux  dans  une  flamme  laminaire.  Ceci  jirovient  de  la 
r npr bsen ta 1 1  on  trop  simplifibe  on  une  seule  btape  de  I’oxydation  de  1  * hyd roc a rbu re  initial 
er  oxyde  do  carbonc  ot  hyrlrogeno. 

A  cot  bga  rd ,  uno  amelioration  a  btb  apportbo  f>ar  lJutorquo  et  al.  (b)  au  schema 
(lua  s  1 -g  1  oba  1  do  Fdolman,  In  effot,  la  promiero  btapo  globalo  do  lour  schema  forme  intoj-mib- 
diairrment  un  ou  plusipurs  composes  h  v'd  roca  rbonbs ,  co  qui  rend  mioux  compte  do  lo  nature 
sbquontiolle  (2i  do  I'oxydation  des  hydrocarbures,  Uotto  evolution  « r*quen  t  i  e  1 1  o  ost  reprb- 
■'Ontbe,  dans  le  schema  de  Hautman  ot  al.  (?)»  par  quatro  btapos  faisant  i  nt  orv'oni  r  l*bthy- 
leno  comrno  i  n  t  e  rmbd  1  a  i  re .  Cependant,  les  coefficients  numbriques  intorvenant  dans  los  ex¬ 
pressions  cinbtiques  snm i -g 1 oba 1 o s  proposbos  par  cos  auteurs  doivont  btro  bvalubes  onpiri- 
quemont  ot  demandont  a  etro  ajustbos  cas  par  cas  pour  pouvoir  roprbsontor  correctement  une 
combustion  dans  des  conditions  oxpbrimontalos  donnbes. 

La  supbrifiritb  <h's  rru’canismos  dbtaillbs  ost  de  permettro  de  representor,  a  I’aido 
d*un  mbcanisme  unique,  la  combustion  d*un  hydrocarburo  dans  dos  conditions  opbratoires  tres 
I’fffbrontes.  Dans  le  cas  <l*un  bcoulomont  simple,  la  resolution  d*un  tel  systrmo  no  poso  pas 
de  difficultb,  ma  i  s  il  n'on  ost  f>as  do  memo  dans  un  bcoulomont  comploxe.  rnutefoi«,  a  lar- 
tir  du  mbeanisme  detaillb,  il  est  possible  d*  be  r i ro  dos  expressions  simplifibos  qui  rolle- 
tont  los  btapos  (ireponfb'rantos  dansd»*s  conditions  oxpbrimontalos  donntVs.  In  tel  exemplo 
d*oxpreaaion  cinbtiauo  simplifibe  obtonuo  a  partir  d*un  mbcanismo  dbtaillb  nous  ost  donnb 
par  Abdalla  ot  al.  ( F.  j  pour  la  modblisation  d*une  flamme  turbulonto  do  methane  on  melange 
pauvre* 


Mais,  si  le  mecanisme  detaille  de  la  combustion  du  methane  en  melange  pauvre  est 
maintonant  bion  connu,  il  n*Gn  est  pas  de  meme  pour  celui  de  la  combustion  en  melange  ri¬ 
che  ou  on  presence  d  *  hydrocarbures  superieurs.  Dans  ce  cas,  en  effet,  il  est  necGSsair<>  de 
fairs  intervonir  les  reactions  de  combustion  de  I'ethylene  et  de  son  principal  produit  d*o- 
xydation:  I'acetylene;  or,  les  mocanismes  proposes  pour  I’oxydation  de  es  deux  interme- 
diairos  de  la  combustion  des  hydrocarbures  superieurs  different  d'un  auteur  a  1 ' aut re . C es t 
pourquoi  flo  nombreuses  nf rontat ions  experience-simulation  sont  encore  nocessaires  pour 
procisor  los  differents  points  encore  obsctirs  de  ces  mocanismes  et  pour  etablir  des  expres¬ 
sions  cinetiqiies  de  la  combustion  des  hydrocarbures  superieurs  sur  des  bases  moins  empi- 
r Kjue  s  « 

C*est  dans  ce  but  qu'ont  <He  ent repri ses, depui s  quelques  annces,  des  recherches 
‘"ur  I'oxydation  de  haute  temperature  des  hydrocarbures  dans  notre  I.abora  t  o  i  re . 

i  ThD!  I  \  ;:!'.A(:  1  iniri  A  i  u] 

A.  Description  de  1  * apparei 1 lage . 

la  technique  du  reacteur  a  ecoulement  turbulent  developpee  aux  dans  le 

laboratoire  du  Professeur  (ilassman  (?)  a  permis  de  faire  progresser  les  c onna i s sane e s  con- 
cernant  les  processus  reactionnels  qui  i n terv i ennen t  dans  l*oxydation  des  hydrocarbures. 

Dans  le  but  d'eten<lre  le  domaine  d*etude  aux  pressions  superieures  a  la  pression 
a tmospher ique ,  nous  avons  mis  en  oeuvre  un  reacteur  tubulaire  en  quart?  pouvant  operer  jus- 
qu*a  10  atmospheres  (9)*  Dans  ce  reacteur,  qui  est  de  conception  analogue  a  celui  de  »rin- 
ceton,  le  combustible  est  introduit  fortement  dilue  (concentration  de  I'ordre  de  1^)  dens 
un  courant  d’a/ote  et  d*oxygene  prechauffe  a  la  temperature  de  I’etude,  par  quatre  orifi¬ 
ces  perpondicula ires  au  courant  ga/eux  principal.  Ses  dimensions  sont  cependant  beaucoup 
plu'  r('duitGs:  sa  longueur  est  de  60  cm,  son  diamotre  interieur  de  8  mm  (diametre  oxterieur: 
13  mm),  le  diametre  de  l*injecteur  est  de  mm  et  celui  destrous  d' injection  de  0,1  mm. 

Les  experiences  ont  ete  realisees  en  regime  d*ecoulement  laminaire,  pour  des  vi- 
tesses  d'ecoulement  «uffisamment  importantes  pour  qu*il  soit  possible  de  negliger  la  dif¬ 
fusion  1 ong i tud ina le j  en  outre,  le  faible  diametre  du  reacteur,  favorisant  la  diffusion 
radiale  fle«  espoces  ga/euses,  permet  de  fair©  I’hypothcse  de  I'ecoulemont  piston.  Ma i s  cet- 
te  approximation  n*ost  plus  verifiee  en  presence  d*une  important©  elevation  de  tempereture 
due  a  la  rf*action,  car  on  observe  alors  un  gradient  de  temperature  entre  I’axe  et  la  paroi 
du  reacteur  (reacteur  non  ad iaba t ique ) «  Ceci  nous  a  contraints  a  limiter  pratiquement  nos 
etudes  aux  premieres  etapes  de  l*oxydation  des  hydrocarbures  (conversion  en  olefine  et  o- 
xydation  en  oxyde  de  carbone),  etapes  qui  sont  thermoneutres  ou  faiblement  exothermiques. 

Le  reacteur  est  place  dans  un  four  comprenant  plusieurs  7ones  dc  chauffage,  dans 
lequel  ont  ote  inseres  quatre  caloducs,  ceci  permettant  d*obtenir,  en  I'absence  de  reaction, 
une  temperature  uniforme  jusqu*a  50  cm  de  l*injecteur.  I.e  chauffage  du  ga?  vecteur  et  le 
chauffage  du  four  entourant  le  reacteur  sont  assures  par  des  rpeistances  electriques  dont 
la  tension  est  stabilisee  par  un  regulateur  electronique.  La  temperature  ciu  milieu  ga7eux 
est  me«uree  en  d('pla<,ant  un  thermocouple  en  chromcl-a  lumel  le  long  de  l*axe  du  reacteur. 

I-o  prelevement  des  esp«'ces  gaveuses  dansle  reacteur  est  effect\je  en  rempla<;ant  le  thermo¬ 
couple  par  une  sonde  on  quarts  effilee  a  sen  ex t rem i te .  Les  ga?  sont  preleves  dans  la  sonde 
sous  faible  pression  (<  15  torrs),  a  travers  un  orifice  de  tres  petit  diametrej  ils  sont 
ensuite  stockes  dans  des  ballons  en  pyrex,  avant  d’etre  analyses  par  chroma togra ph i e  en 
phase  ga.euse  ou  s pec t rome t r i e  de  masse. 

B.  I^esultats  experimentaux . 

Les  premiers  resultats  experimentaux  obtenus  selon  cette  technique , concernant 
I’oxydation  du  propane  (l  a  0  bars)  et  du  butane  (l  bar)  vers  1000  K,  ont  ete  publies  an- 
terieurement  f  9 ) . 

De  nouveaux  resultats  sur  I’oxydation  du  propane  ont  ete  obtenus  depuis,  dans  un 
domaine  plus  etendu  de  pres  s  i  ons  ( jusqu*  10  bars)  et  de  tempr5ratures  (jusqu’a  1170  K). 
D’autre  part,  afin  de  mieux  apprehender  la  phase  reac t i onnel le  immodiatement  prealable  a  la 
consommation  do  I’oxyde  de  carbone,  il  nous  est  apparu  necessaire  d * entreprendre  I’etude  de 
I’oxydation  de  1  *  «Hhyl  »'’ne ,  susccfitihle  d’apporter  <les  donnees  nouvelles  sur  la  cinetique 
d’oxydation  de  cet  imf)ortant  intermed  ia  i  re  de  la  combustion  des  hydrocarbures.  Cette  etude 
a  ete  effectue'e  dans  un  domaine  de  pressions  compris  entre  1  et  10  bars,  entre  990  et  IlOO  K 
ot  pour  des  richosses  comprises  entre  0,25  et  -i  . 

Les  figures  I,  2,  3  et  5  representent  quelques  examples  de  resultats  experimen- 
taux.  E3ien  quo  nous  ayons  pu  doser  ogalcment  le  methane,  I’ethane,  I’hydrogene  et  I’acety- 
lene  (detecte  a  I'etat  de  traces),  nous  n’avons  reporte  sur  ces  figures  que  les  concentra¬ 
tions  des  composes  ma jor i ta ires .  Les  profils  de  concentration  des  espoces  en  fonction  de  la 
distance  a  I’injecteur  ont  ete  convertis,  a  partir  des  valeurs  des  debits  volumiques  des 
ga?,  en  profils  de  concentration  au  cours  du  temps. 

fc;TUDL5^  LN  HLACTLUJf  HOMOGLNE 

Les  limitations  du  domaine  de  validite  de  I’ecoulement  piston  a  un  avancement 
reactionnel  limite  nous  ont  conduits  a  envisager  une  autre  technique  plus  adaptee  a  I’etude 
des  reactions  a  grand  avancement i le  reacteur  parfaitement  agite. 

Villermaux  et  ses  collaborateurs  (lO,  11)  ont  mis  au  point  un  reacteur  auto-«gi- 


3 
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te  par  jets  par  jet=  f^,a7enx,  pouvant  fonctionner  pour  des  temps  de  passage  de  I'ordre  de 
la  soconde.  Do  tols  roacteurs  ont  oto  utilises,  en  particulier,  pour  I'etude  de  la  pyroly- 
(ipc  hydrocarburos  (l2,  1 ‘0  avec  des  temps  de  passage  compris  entre  0,0'3  et  10  secondes. 

Utilisant  les  regies  de  construction  preconisees  par  David, nous  avons  realise  au 
laboratoire  un  reacteur  spherique  en  quartz  de  ^  cm  de  diametre,  muni  d'un  injecteur  en 
croix  comprenant  quatre  orifices  de  1  mm  de  diametre.  Ce  reacteur  possede  la  part i culari te 
d'etre  situe  dans  une  enceinte  etanche,  ce  quipermet  son  utilisation  sous  pression.  Un 
'hormocouple  en  chromel -a lumel  peut  etre  deplace  a  I’interieur  pour  verifier  1  *  homogene i te 
do  la  temperature  du  milieu  gazeux  et  la  mesurer.  Une  sonde  en  quartz  permet  de  prelever 

ospoces  gazGuses  on  difforents  points  dans  le  reacteur.  Le  chauffage  du  reacteur  et  le 
prechauffage  du  gaz  vecteurscnt  assures  par  des  resistances  electriques  dont  la  tension  est 
rogu 1 oe . 

Une  etude  proalable  de  la  distribution  des  temps  de  sejour  dans  le  reacteur,  au 
moyen  de  l*injection  d*un  traceur  inerte,a  montre  que  les  qualites  du  melange  ne  sont  pas 
modifioes  dans  la  gamme  de  temps  de  passage  precitee  si  le  reacteur  est  utilise  a  10  bars 
au  lieu  do  la  pression  a tmospheriquo. 

Nous  avons  etudie,  dans  ce  reacteur,  I'oxydation  de  I’ethylene  et  du  propane  dans 
le  domaine  de  pression  1-10  bars  et  pour  des  temperatures  voisines  de  1000  K,  Un  exemple 
des  r«U=^ultats  exper imentaux  est  donno  sur  la  figure^. 
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A.  Modelisation  en  cinetique  chimique. 

Nous  avons,  dopuis  quelquos  annees,  aborde  au  Labora t oi re , e t  en  partie  resolu, 
problUmes  concrets  rencontres  en  modelisation  cinetique  en  faisant  les  hypotheses  sui- 
e®  : 

la  reaction  chimique  etudioe  est  representable  par  un  ensemble  de  reactions  supposecs 
entaires,  constituant  un  mecanisme  en  chaines.  La  vitesse  de  formation  de  l*espece  i 
uno  combinaison  lineaire  des  vitesses  elementaires  directes  et  inverses  des  reactions 
s  en  oeuvre  dans  le  mecanisme.  Le  deroulement  de  la  reaction  peut  etre  represente  par 
ystome  differentiel  suivants 

dx  /dt  =  f.  (t,  x) 


=  temps, 

=  tableau  dedimension  N,  contenant  les  concentrations  de 
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esentant,  selon  le  modble  thcrmique  de  Semenov,  la  vitesse  d’evolution  de  la  tempera- 
u  cours  du  temps,  dans  laquellc: 
est  la  temperature  des  gaz  a  1* instant  t, 

,  la  temperature  initiale  des  gaz, 

,  le  changemont  d*enthalpie  produit  par  la  reaction  j,  calcule  a  la  temperature  T  a 
partir  des  enthalpies  de  formation  de  cheque  espbee  (hj), 

,  la  vitesse  de  la  reaction  dlementaire  j, 

Cj,  la  chaleur  specifiqu©  de  l*espece  i  a  la  temperature  T. 


Les 


ileurs  des  h-  et  C4,  utilises  pour  calculer  la  temperature  et  les  cons- 


tantes  de  vitesse  des  reactions  inverses  sont  tirees  des  tables  de  Eiahn 

D  est  un  coefficient  d*echange  de  chaleur  (pris  egal  a  5.  I0”’3cal.s"-^.  cm 
-  il  n*est  pas  necessaire  d’adjoindre  au  systeme  ci-dessus  d'equations  decrivant  les^ 
phenombnes  de transport. 


Le  programme  d *  Integra t ion  utilise  la  methode  de  Gear  (15)  dans  la  version 
K . f , J . f . 0. D. K.  (l6),  parfaitement  adaptee  aux  problemes  rencontres  en  cinetique.  II  nous 
est  ainsi  possible  d'etre  informe  sur  I'allure  de  la  variation  de  concentration  des  com¬ 
poses  au  cours  du  temps,  sur  I'ordre  de  grandeur  de  leurs  concentrations  et  sur  1* impor¬ 
tance  relative  des  reactions  en  presence. 


H. 


Recherche  d'un  mecanisme  detaille. 


Nous  avions  propose  anterieurement  un  mecanisme  detaille,  fonde  sur  les  donnees 
cinetiques  de  la  litterature,  pour  I'oxydation  du  propane  et  du  butane.  Ce  mecanisme  per- 
mettait  de  simuler  correctement  les  resultats  experimentaux  obtenus  en  reacteur  tubulaire 
aux  environs  de  1000  K  et  jusqu'a  un  avancement  limite  a  50^  de  consommation  du  reactif 
initial.  Toutefois,  le  schema  propose  ne  prenait  pas  en  compte  1 ' integral ite  des  etapes  e- 
lementaires  assurant  la  transformation  de  I'ethyXene  en  oxyde  de  carbone,  la  vitesse  de 
consommation  de  I'olefinc  etant  tres  faible  dans  ces  conditions  d'avancement  limite.  Ainsi# 
il  n'f'tait  pas  possible  de  verifier  la  validite  du  mecanisme  speciflque  de  I'oxydation  de 
1* ethylene,  tel  que  nous  I'avions  inclus  dans  le  mecanisme  global.  Il  est  de  fait  que  cette 
partie  de  notre  ancien  mecanisme  no  nous  a  pas  permis  de  simuler  correctement  les  experien¬ 
ces  real i sees  sur  1' ethylene  pur  en  reacteur  tubulaire. 

Nous  appuyant  sur  les  mises  au  point  les  plus  recentes  de  la  litterature,  nous 
avons  consider©  les  mecanismes  de  Warnatz  ( 17 )  et  da  Vestbrook  et  al.  (18)  pour  I'oxyda¬ 
tion  de  1 'ethylene.  Le  travail  a  consiste  a  tenter  d'etablir  un  mecanisme  qui  permette  de 
simuler  les  experiences  effectuees  sur  le  propane  et  I'ethylene  dans  le  domaine  de  tempe¬ 
ratures  compris  entre  900  et  1200  K  et  de  pressions  compris  entre  1  et  10  bars.  Nous  avons 
en  outre  teste  la  validite  des  differents  mecanismes,  quant  a  la  simulation  d ' experiences 


realisees  par  CellPt  et  coH.  (l^M  sur  la  combustion  du  propane  et  de  I'ethvlene  dan'  un 
foyer  turbulent  tubulaire  entre  1200  et  IbOO  K.  Nous  avons  enf in  compare  les  delais  d' in¬ 
flammation  experimentaux  obtenus  par  Burcat  et  al.  (20)  au  cour*^  d*une^etude  de  la  combus¬ 
tion  du  propane  en  tube  a  choc  avec  les  delais  calcul-'s  dans  le«  memes  conditions  de 
temperature  et  de  pression. 

Get  ensemble  de  confrontations  nous  a  «men<‘s  a  retenir  les  proposition-  suivan- 

tes  : 

B.l  Oxydation  de  l*ethylones 

-  le  mocanisme  propose  par  Vestbrook  ^ lb )  doit  etre  pris  en  compte.  II  fait  intervenir 
la  formation  d'acetylene  par  1  *  in  termed ia j re  de  radicaux  CM3  issus  de  1  *  1 n t erac 1 1  on  entre 
l*ethylene  et  les  radicaux  OH  ou  les  atomes  H,  a  savoir  une  sequence  pouvant  etre  schemati- 

see  sous  la  forme:  ,  CHn  ♦  CH'>0  -i 

C  M,  +  OH  — ■ —  ’  L  importance  relative  varia- 

^  HoO  J  ble  selon  la  richesso 


-  H 


+  H  ♦  « 


La  consommation  ulterioure  de  I'acetylene  s'effectue  par  1  *  1 nt ermed ia 1  re  des  redicaux 


+  OH 


♦  OH 


.  CH^  ^  CO 


avec  formation  preferent iel le  de  C2H  et  CH3 ; 

-  les  etapes  suR^erees  recemment  par  Miller  et  al.  (21)  pour  les  radicaux  CH2»  tel? 
qu * i 1 s  les  fa  it  in t erv eni r  au  cours  de  l*oxydation  de  I’acetylene: 


CH^  . 


CH^  * 


CH2  ♦  O2 


.  CO2  *  H  *  H 


,  CO  +  H2O 


,  CO  +  Oil  +  H 


doivent  etre  considerees. 


Bn  ce  qui  concerne  nos  experiences,  on  observe  un  decalage  entre  les  profils  ex¬ 
perimentaux  de  concentration  des  especes  et  les  profils  calcules,  indiquant  que  la  reaction 
demarre  plus  rapidemcnt  que  ne  le  prevoit  la  .simulation.  L'etude  de  sensibilite  montre  que 
ce  decalage  varie  de  fa^on  significative  avec  les  valeurs  attribuees  aux  constantes  de  vi» 
tesse  des  reactions; 


C^H.  ♦  OH 
6  4 


+  HO^ 


lour  reduire  ce  decalage,  nous  avons  ete  amenes  a  attribuer  a  ces  constantes  les  valeurs 


indiquee.s  dans  le  tableau  I,  au  lieu  de  celles  proposees  par  Westbrook  ,  qui  etaient  les 
suivantes;  .1 

10*  exp(-l,2/RT)  cm'^.mol  .  s 
1  b 

=  I0^^exp( -iO/HT )  cm^.mol  s  ^ 

Cet  ajustement  permet  de  reduire  le  decalage  et  non  de  l*annuler,  ce  qui  nous  conduit,  ain- 
si  que  I'ont  fait  prealablement  Westbrook  et  al.,  a  incriminer  le  dispositif  d'injection 
dans  lequel  I'ethylene  commence  de  reagir  avant  de  parvenir  au  reacteur.  Ce  demarrage  prc- 
coce  de  la  reaction  d'oxydation  de  l*ethylene  est  pris  en  compte  dans  la  simulation  per  la 
suppression  de  la  periode  de  delai. 

La  simulation  de  Inexperience  de  Bellet  et  coll,  a  partir  des  hypotheses  preceden- 
tes  montre  toutefois  que  le  mecanisme  indiquo  conduit  a  des  delais  d* inf lammation  beaucoup 
plus  courts  que  ceux  mesures  par  ces  auteurs.  L’etude  de  sensibilite  indique  que  ces  delais 
sent  tres  sensibles  a  la  valeur  de  la  constante  de  vitesae  de  la  reaction  57 »  reaction  ra- 
rement  invoquee  dans  la  litteraturei 


CH.^  ♦  HOg - ►CH^O  ♦  OH 

Lour  que  les  delais  calcules  soient  du  meme  ordre  de  grandeur  que  les  delais  ex¬ 
perimentaux,  nous  avons  du  attribuer  a  cette  constante  de  vitesse  une  valeur  differente  de 
celle  utilisee  par  Westbrook  =  3,2*  10^^  cm^.mol”^.  s*l). 

Compte  tenu  de  cet  ensemble  de  modifications,  la  comparaison  entre  les  profils 
calcules  et  les  profils  experimentaux  est  illustree  per  les  figures  I,  2  et  6. 


b.2  Oxydation  du  propane; 

Le  mecanisme  propose  anterieurement  pour  les  reactions  du  propane  et  des  radicaux 
C3H-jr  est  reste  inchange  (reactions  a  10^)#  Mais  le  mecanisme  d’oxydation  du  propene  uti¬ 
lise  est  celui  propose  par  Warnat/  (l7).  Pur  les  figures  3  et  U,  on  peut  comparer  les  pro¬ 
fils  de  concentration  calcules  a  partir  du  mecanisme  du  tableau  1  et  les  profils  experimen- 


I 


taux  obtonu*:  dan?  notre  reacteur. 

Fur  la  7,  nou«  avon^  confronte  les  resultats  experimentaux  obtenuF  par 

hollot  ot  coll,  au  coui'!^  do  I'etudo  do  la  corrbu5tion  d*un  molan^^o  propane-othylono  10‘' 
avoc  los  resultats  del  a p imuia t ion . 

Bnfin,  le  tableau  2  permet  la  comparaison  entre  le«  dclais  d ' in f 1 amma t ion  obtenu® 
en  tube  a  choc  par  liurcat  et  al.  (20)  pour  deF  melange?  propane-oxy^ene  de  riche«Fes  diffe- 
rentPFet  les  de^^i?  calcules.  Le  delai  d* inf lammation  calcule  e«t  ici  dofini  comme  le  tempF 
d*atteinte  du  maximum  de  concentration  de  OH.  A  quelqucs  exceptions  pres,  les  delai*^  calcu¬ 
les  Font  troF  voisinF  doF  delais  experimentaux »  quelle  que  soit  la  richeFFp  du  melange. 

coNCLLPior: 


LeF  reFultatF  qui  viennent  d’etre  presentes  ont  permis  de  progresFer  dans  la  con- 
naisFance  <le  la  cinetique  detaillee  d’oxydation  du  propane  ot  de  I’ethylene  et  le  mecanisme 
propoFe  reflete  correctement  les  observations  effectuees  dans  des  conditions  experimenta les 
V  a  r  i  e  e  s  . 

11  ne  faut  toutefois  pas  meconnaitre  qu’un  tel  mecanisme  ne  peut  etre  utilise 
sous  sa  forme  integrate  pour  modeliser  les  chambres  de  combustion.  I’ne  chambre  peut  etre 
en  effet  consideree  comme  un  assemblage  de  foyers  homogenes,  au  sein  desquels  il  est  neces- 
saire  d’envisager  un  couplage  entre  les  phenomones  chimiques  et  les  phenombnes  de  trans¬ 
port.  A  cet  effet,  la  simplification  du  mecanisme  s'avcre  indispensable. 

Les  etudes  de  sensibilite  quo  nous  avons  entreprises  ont  deja  permis  d’apprecier 
1* importance  du  role  joue  par  cortaines  reactions  elementaires  vis-a-vis  de  la  morphologie 
des  phenombnes  observes.  Kn  outre,  la  possibility  que  nous  avons  de  comparer  entre  elles 
les  vitesses  des  differentes  etapes  participant  au  mecanisme, a  chaque  instant  de  I’evolu- 
tion  1 eactionnelle, est  un  moyen  de  selection  des  etapes  a  retenir  pour  la  representation 
d*un  phenombne  experimental  donne. 

C’est  dans  ce  sens  que  nous  orientons  actuellement  notre  demarche.  Notre  objectif 
de simplification  devrait  etre  attaint  a  court  terroe  et  fournir  ainsi  aux  motoristes  une 
base  de  travail  mieux  adaptee  a  la  modelisation  de  la  combustion  dans  les  foyers  de  turbo- 
reacteurs • 
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Tableau  1:  Mecanisme  d*oxydation  du  propane 
Constantes  de  vitesse  sous  la  forme:  k  ar  A .  T^,  exp( -1  /  IM  ) 
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Unites:  cm  »  mole»  s,  kcal 
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1.0 

2.6 

21 

38 

C2H2 

0 

-> 

C2H 

OH 

3.0E415 

-.6 

17.0 

IS 

39 

C2H 

02 

-> 

HCO 

CO 

1.0E*13 

0.0 

IK 

40 

CH2 

02 

-> 

HCO 

OH 

1.0E+14 

0.0 

21 

41 

CH2 

02 

-> 

C02 

H2 

6.9E+11 

0.0 

21 

42 

CH2 

02 

-> 

C02 

H 

H 

1.6E*12 

0.0 

21 

43 

CH2 

02 

-> 

CO 

H20 

1.9E+10 

0.0 

-1.0 

21 

ia 

CH2 

02 

-> 

CO 

OH 

H 

0.7E*10 

0.0 

-.5 

21 

Ks 

C2H 

0 

-> 

CO 

CH 

5.0E+13 

0.0 

0.0 

IK 

is 

(  H2 

0 

-> 

CH 

OH 

1.9E+11 

.  7 

25.0 

18 

47 

C  H2 

H 

•> 

CH 

H2 

2.7E'^ll 

.  7 

25.  7 

18 

48 

C  H2 

OH 

CH 

H20 

2.7E+11 

.  7 

25.7 

18 

49 

CH 

02 

-> 

CO 

OH 

1.3E+11 

.7 

25.7 

IK 

50 

CH 

02 

■> 

HCO 

0 

1.0E+13 

0.0 

0.0 

IK 

51 

CH4 

IHER 

-> 

CHS 

H 

IHER 

1.4E+17 

0.0 

88.4 

18 

52 

CH4 

OH 

-> 

CH3 

H20 

3.  5E+03 

3.  1 

2.0 

IK 

53 

CH4 

H 

CH3 

H2 

1.3E+14 

0.0 

11.9 

18 

54 

CH4 

0 

-> 

CH3 

OH 

1.6Et-13 

0.0 

9.2 

18 

55 

CH4 

H02 

-> 

CH3 

H2a2 

2.0E+13 

0.0 

18.0 

IK 

Tableau  1  (suite) 


n“ 

Wcact ion 

A 

n 

E 

Hef 

56 

CH3 

02 

-:>CH30 

0 

4.eE+13 

d.  0 

29.  0 

57 

CH3 

H02 

=  :*CH30 

OH 

1.6E+12 

0.0 

0,  0 

* 

53 

CH3 

H02 

=*>  CH4 

02 

l.OE+12 

0.0 

.  4 

18 

53 

CH3 

OH 

=i>CH20 

H2 

4.0E+12 

0.0 

0.  0 

18 

60 

CH3 

0 

=>rH20 

H 

1.3E-fl4 

0.0 

2.0 

18 

6  1 

CH3 

HCO 

=>  CH4 

CO 

H.0E+1  1 

.  5 

0.  0 

18 

62 

CH20 

IHER 

HCO 

H 

INER 

3.3E^16 

0.  0 

81 . 0 

18 

63 

CH20 

OH 

HCO 

H20 

7.6E+12 

0.0 

.  2 

18 

64 

CH20 

H 

HCO 

H2 

3.3E+14 

0.0 

10.  5 

18 

65 

CH20 

H02 

*>  HCO 

H202 

1 .0E>12 

0.0 

8.0 

18 

66 

CH20 

0 

=>  HCO 

OH 

5.0E+13 

0.0 

4.6 

18 

67 

CH20 

CHS 

=»>  HCO 

CH4 

1 .0E**^10 

.  5 

6.0 

18 

68 

CH30 

INER 

=>CH20 

H 

INER 

5.0E+13 

0.0 

21.0 

18 

69 

CH30 

02 

=>CH20 

H02 

1 . 0E+ 1 2 

0.0 

6. 0 

18 

70 

HCO 

02 

=*>  CO 

H02 

3.2E+12 

0.0 

7.0 

l.s 

71 

HCO 

INER 

«>  H 

CO 

INER 

1 .4E4-14 

0.0 

19.  0 

18 

72 

HCO 

OH 

«>  CO 

H20 

l.OE+14 

0.0 

0.0 

18 

73 

HCO 

H 

*>  CO 

H2 

2.0E'*‘14 

0.  0 

0.0 

18 

74 

HCO 

0 

CO 

OH 

K0E-*-14 

0.0 

0.0 

18 

75 

HCO 

H02 

->CH20 

02 

1.0E+14 

0.0 

3.0 

18 

76 

H202 

OH 

«>  H20 

H02 

1.0E>13 

0.0 

1.8 

18 

77 

H202 

H 

•>  H2 

H02 

1-7E*«-12 

0.0 

3.8 

18 

78 

H2 

OH 

-=>  H20 

H 

2.2E+13 

0.0 

5. 1 

IH 

79 

H20 

0 

->  OH 

OH 

6.8E-^13 

0.0 

18.4 

18 

80 

H02 

OH 

•>  H20 

02 

3.0E+13 

0.0 

1.0 

18 

81 

H02 

0 

•>  OH 

02 

5.0E+13 

0.0 

1.0 

18 

82 

02 

INER 

->  0 

0 

INER 

5. lE+15 

0.0 

115.0 

18 

83 

0 

H  INER 

->  OH 

INER 

1.0E+16 

0.0 

0.0 

18 

84 

C3H8 

->C2H5 

CHS 

4.0E+16 

0.0 

04.5 

22 

85 

C3H8 

02 

«>N3H7 

H02 

4.0E*13 

0.0 

47.5 

86 

C3H8 

02 

-M3H7 

H02 

4.0E-»13 

0.0 

47.5 

2J 

87 

C3H8 

C2H5 

->N3H7 

C2H6 

l.OE-^l  1 

0.0 

13.4 

22 

88 

C3H8 

C2H5 

->I3H7 

C2H6 

S.0E'»10 

0.0 

10.4 

22 

89 

C3H8 

CHS 

->N3H7 

CH4 

2.9E-M2 

0.0 

11.7 

23 

90 

C3H8 

CHS 

■•M3H7 

CH4 

e.SE-Ml 

0.0 

10.  1 

23 

91 

C3H8 

H 

«>N3H7 

H2 

1.3E+14 

0.0 

9.7 

22 

92 

C3H8 

H 

->I3H7 

H2 

1.0E-*>14 

0.0 

8.3 

22 

93 

C3H8 

OH 

->N3H7 

H20 

3.7E+12 

0.0 

1.6 

23 

94 

C3H8 

OH 

->I3H7 

H20 

2.eE+l2 

0.0 

.9 

2'J 

95 

C3H8 

0 

->N3H7 

OH 

3.0E-^13 

0.0 

5.8 

23 

96 

C3H8 

0 

->I3H7 

OH 

2. 6E41S 

0.0 

4,5 

23 

97 

C3H8 

H02 

->N3H7 

H202 

2.9E+11 

0.0 

14.9 

2^ 

98 

C3H8 

H02 

->I3H7 

H202 

9.8E4-10 

0.0 

12.6 

2^1 

99 

N3H7 

»>C2H4 

CHS 

1.6E-M3 

0.0 

32.0 

22 

100 

I3H7 

«>C2H4 

CHS 

1.0E4'12 

0.0 

34.5 

2S 

101 

N3H7 

->C3H6 

H 

2.0E-M3 

0.0 

38.4 

26 

102 

I3H7 

->C3H6 

H 

4.0E-«'13 

0.0 

40.3 

22 

103 

N3H7 

02 

»>C3H6 

H02 

1.0E'i'12 

0.0 

5.8 

9 

104 

I3H7 

02 

->C3H6 

H02 

7.3E+12 

0.0 

5.0 

9 

105 

C3H6 

C2H5 

->C3H5 

C2H6 

1.0E'«'ll 

0.0 

9.2 

26 

106 

C3H6 

OH 

->MCHO 

CH3 

7.0E+12 

0.0 

0.0 

17 

107 

C3H6 

OH 

->C3H5 

H20 

8.0E'M2 

0.0 

0.0 

27 

108 

C3H6 

H 

«>C3H5 

H2 

1.0E-M4 

0.0 

3.8 

22 

109 

C3H6 

0 

->C2H5 

HCO 

1.5E'M2 

0.0 

0.0 

28 

1  10 

C2H3 

H 

->C2H2 

H2 

2.0E'»13 

0.0 

2.5 

ifj 

111 

MCHO 

H 

->  MCO 

H2 

4.0E+13 

0.0 

4.2 

17 

1 12 

MCHO 

0 

->  MCO 

OH 

5.0E4^12 

0.0 

1.8 

17 

113 

MCHO 

OH 

->  MCO 

H20 

1.0E+13 

0.0 

0.0 

17 

114 

MCO 

INER 

->  CH3 

CO 

INER 

1.0E+1S 

0.0 

9.4 

17 

S"7 


MCHO  =  CH3CHO 


= 


i 


MCO  =  CHiCO 


*  voir  texte 


::-io 


Figure  ^  :  Oxydation  en  reacteur  tubulaire 

Melange  ^  '*'o“  ^ 

Comparai?on  entre  le.®  profili®  calcule*  et  le® 
points^  experimentaux 


Figure  5  *  Oxydation  en  reacteur  agite 

Melange  C^Hy-02*N2  ♦*  0,5  P  =  5  bar?  T  =  973  K 

Distribution  des  produits  en  fonction  du  temp?  de 
se Jour 


labloau  2 


Comfia  ra  i  *^on  ontro  delai?^  d  *  x  nf  lamma  t  ion 

mosuros  ('n  tube  a  choc  (ref.  20  )  et  calcules 


n‘ 

C  ompo  s 

1 1  i  o  n 

5’a  pport 

T 

1’ 

1 J  e  1  a  i 

(MS  1 

^  C.jH. 

0, 

d  *  equ i va 1 enc e 

CM 

(atm) 

rxf)(?r  imenta  1 

ca  Iculb 

rio 

0 , 5  1 

1  () ,  5 

0,12- 

r423 

,o.'- 

6  /■) 

6  0 

o,'i  1 

l6,'i 

0,  125 

1262 

7, .‘7 

:j6o 

'i  '■! 

I'l’i 

0,^ 

16 

0,25 

11 67 

■*  ,  19 

90 

90 

156 

n.r. 

16 

0,2-. 

ri'io 

's:io 

TtO 

1  10 

'.9 

0 , 0 

h 

0,3 

16  21 

"  ,66 

70 

70 

7D 

o.f. 

r, 

0.5 

1292 

6,61 

6  2  5 

5  10 

95 

0 ,  M 

't.i 

0,3 

1393 

6,77 

205 

l6o 

U2 

0  , 1 

,1 

0,3 

I'l92 

7.67 

77 

6  0 

1 

1  ,6 

1 

1^93 

2,62 

68 

8  6 

'i 

1  lb 

.s 

1 

llt'.O 

2, ''5 

193 

153 

29 

1  ,(> 

8 

1 

1302 

6,29 

590 

525 

30 

1.6 

1 

1332 

f',,3  3 

195 

23  3 

26 

O/tS 

2,6 

1 

16  95 

8 ,66 

8  5 

65 

2?' 

2,6 

1 

137'* 

7,33 

'4  ID 

3R0 

5  ' 

5  r6'5 

19,23 

1 

1587 

l'<  ,07 

12 

8 

1  • 

(),■’. 

2,1 

l6j<» 

7,6 

56  5 

3»5 

79 

2,1 

2 

1339 

6,12 

230 

6o 

1  l'» 

1,6 

6 

2 

1 3 1(  7 

M,in 

225 

165 

116 

1,6 

6 

1  3  33 

7 , 23 

580 

680 
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Tr.  '.K.  i  Vr.  fi.**.  Snape,* 


.  C .  X  ■  ^  , 

:  FFl-Y  , 


:-:vMyAPY 


lY.  i  ;■  r tr.f'  i  rr;  devo  1  crrr.en’.  cf  h  I':w 

ir.  ♦  Fe  F.r-'V  T}'.r-  -i-r;' ,  ‘ 

■  r.b'jv*.  i'T'.  syf-t.’.T, ,  nr*?  ci  truot  ed  frc-z.  ar;  advanced  cor-'i:.*.*  r.j-.*  i 
;  :'i;‘Ud<  *■  r.'LT, spi rat  i  rcolir;r  material  enables  a  sipTiiri>?ar5'*  ?h’.\ 

-•all  .•  -iir;#;*  air.  TF:!:-  air  ir  used  in  optiraisin^-  the  {.rimary  ; 
wKi.'h,  ■■'■'T.bi  r;>--d  with  t.'ht  use  oT  an  aerodynainic  curved  v?u'.e  rwir. 
ir  ■’’hf-  i  ■ 

A  nu.Tb'T  of  '  i  PT.i  fi  cor.  i  d'urability  problems  have  been  overcome  tv  meet  ♦  v.v  ri^--  r  i,- 

aer  .'-enc'i  ne  ■.■r*=-ration.  The  paper  outlines  the  development  t  r '•cer,.: »  startir>'  vi‘‘  ♦  •  : 

by  a:;  .■  e  er.Fin^’  desifT;  ^u.d  describing  L,he  rig  and  engine  test  r  r^  gi-'is-c.*-  '.•••i. •  . 

of  the  aer  •  h*’ rmodyna.T;i cs  of  the  developed  combustor. 

pppyryc 


'lut.eur::  decriver;’,  I'^tude  et  le  d?veloppement  d'un  sysr^me  le  c '-rd -.-jt  i  .  n  ’.  :i  - h:.:, /. a i  r* 
d '  f’C.i  ’  on  ,  ue  11  ement  mis  en  service  sur  le  moteur  d'avi-.-;r;  a  turbiiv  a  Th;  '  Fj '  y  ' 

'■-.'t  ■.:■ 'r.f' de  dix  .'l.ftm.bre:'  de  combustion  constitutes  d'un  materiati  do  re frui  di  J»:  * 

avar,'.'<^‘’ ,  -‘’.nnu  sous  le  nom  de  'Transj^ly',  Ce  rrateriau  de  refroidi  ssement ,  pui  ariv  tar  ; 

['‘••rmet.  d  ' i-'nomi  f'er  de  facoi.  signi  fi  ent.i  ve  I'air  de  refroidi  saement  des  parois,  Ce’  air  -• 
jt'  ur  rj't  irr.i -P]-  la  stoechiomf’trie  de  la  tone  primairc  et  de  la  '.-.me  intcrmfai.uire;  oe  j  r  h 
1  '  ut  i  1  i  sat  i  on  d'aubes  de  turbulence  aerodynami  quer  inourveer,  permet  de  reduire  los  :.ivea..x 
fatjrir.  subs t ant  ie  lie . 

Pt'.ur  rependre  aux  strides  exigences  Jc  fonctionncmer.r.  d*'.u;  moteur  d’nvion^  il  a  fallu  rT-v,.uur-.-  .-••rtai 
nombre  de  probleme.'.  importants  de  long^'vite.  U-s  nuleurr  exponent  dans  res  grar.iey  lig:u-;-  le  nr  -'o.-.-'ir 
de  d?‘veloppement ,  depuis  les  contraintes  imposTea  par  la  cenfitriration  d’vin  moteur  exirt.ant^  et  riven’ 
le  programme  d’essais  sur  banc  et  sur  moteur  qui  a  pormis  de  definir  «*n  •J'^tai:  1 ’-ihro-t  herrrotijvnar.i  pie  iu 
foyer  mis  au  point. 

NOMENCIJITUTIE 

FAP  Fuel  Air  Ratio 

UHC  Unburnt  Hydrocarbons 

CO  Carbon  Monoxide 

CO,,  Carbon  Dioxide 

NOx  Oxides  of  Nitro^ren 

CAF  Drr..k“  :rir;b-T 

TiP/Fo'-.  Iv^ndin*?  Takf*-'''ff  !,  I  TO )  intpgrat.ed  pr.  1  lution  •.•aramot«‘r 

i  Equivalence  Ratio 

CAA  'i.K.  Civil  Aviati*-n  Authi'ri’y 

EPA  U.  f. .  Env  i  T'  n'Ti-’nt  M  1  Pr 1  >  >n  Ag»*ncy 

r  CAO  Int-ernat  i  orui  1  Ci  v  i  )  Av  i  a’  i  ■  >n  Organ!  s at  i  <■  n 


*  All  comunicat  ions  should  be  addressed  to  D,?t.  Snape 
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Surface/vol. 

M"' 


Flame  tube  diameter  mm 


■  oirti  -  su  r  f  .5- 0  ■  bu  rsi  i  ng  -  1  um<’  rui- 

I'r'tiJ  t  r  I '1  t  t  nbo-at^imi.ir  onbust  • -r  •« 


^pie  atomiser 


Discharge 


:.'-4 


1  y;c-  rrimury  zc:.--  i 
:rrh\’'-r.  can  be  al 


CO  ar;]  carbr^t.  i;art.i--:ez  in  furl  rien 
deficient  in  exyrer,  ]  reven".  i  r.y  any 
vitb.er  ly  enl  rai  :.i t.lTc  .f 
•he  nwir’.-r  f'.'.w.  Tr.t-  la’ tr-r  i.'.-ir.:-- 


'it.d  ai 


henefif,  at  f-r'.'ai.d  idl-,  .'f  n.jt,  r‘e-.:ircalat  i:.,'  t  r-  d, r 

W  :.-  attaiiied  by  leyituz  ?i!.  :ier-  iyr.fiz.ic  Cirv^'i  v'lt.C'  zwirl.-r 
,  *  }.e  carved  vane  ■.■virlr-r  zanou’.  i  ir-T'-ane 


•  O  •’ 
o !’  •  1 
t  :’o ' 

th'C 


Pact 


con 


.e  bye;.'  to  con.rly  vitV.  ‘h--  rc'OT'O.-.-'.-d  TCAO/KrA  n’e.snior.  le-ve^  ;‘or  .'C,  the  .-'round  :  die  --icC 
!•  re  tha:  1  Fifnir‘-'-  5  that  an  intenv'd i a*. e  zon.e  O'rnivaler'.c--  ratio  of  arzund  O.T  is  required 

••in  '*■!>.;'  •-'■.inni-,  n  ‘  arr-"'*  .  it  '  tersihV-  ’‘'rm.  nV.ecv  curv-n-  t  '-  derive  an  oytivur.  rate  of  dilution 
p*in-try  .n.-'ne  racer-  *o  ;  roduce  rr.inirr.ur:  CO  l*-v--lo,  Tnic  ob*  air.ed  iy  rl-tti.-.r  d(bl)/d'.  artir.ct 

‘■ac’  C'-.u:  V--1 -e.  rati'n.  and  ta/.i’^r  maxirzu::.  conza-'-i  ti-; !.  ra‘e  -it  '-ach  condition.  llc'- 

i.  .  h  vn  ••'i ("Ure  '  •»‘:,‘  re  th-  o-yjivsl- nc-  ratio  ic  ylottei  ar-air.st  el-rcS'.-.l  tine.  Th.iz  chov^ 

V."  :uiv'-.lu:;ce  r-C, ;  o  of  :  .7  ;.};culd  be  achi-'ved  in  O.T  ’t : 31i-oecor.do  ,  a  doni^c'.  ob.h?ctive  which  wa-; 

.i.-d  by  t  ncorr.oratinr  bwe  -ixially  syacvd  row.y  of  .jecor.dary  ^:oleo  'U'd  riV';:’ur.i n^  r’ully  :  ]‘e-;".ixed 

77, e  roci’ion;  a.r-.d  3\ze  i.e.  the  x-'^^J^-tration »  of  each  h.olv  way  deterc:ir;eci  to  yic*.  go^  d  r.ixii'.g 
'h,  zt'ition.  In  j.ractice,  the  quality  of  tnixinf  vill  det-ci*r.ine  deyai’t’ore:-.-  fror.  th.e  rytir.ur;  CO  levels. 
•v’.erienC''  h^tr  chovi.  that  the  renultinr  ■'•'•uivalence  ratio  at  r-vak  po-wer  io  also  near  optifur.  for 
.rtior.  of  soot  n.articlec.  Ti.e  '  -'/el  of  IHIC  was  reduced  by  r.ir;in:i.-?ii.f;  wall  coolinr  flows. 


T' r.eth'.vi  urc-d  tc  red’acc  thi*  coolinp,  air  flows  was  to  employ  tl.e  pel  1  s-Royce  psuedc'  1  ratssp i rat  i r. 
’'.af' 'tI'iI  called  Tranrrdy, 
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standard  10  vane  stalled  swirler 
Creates  a  rich  region  along  burner 
axis  in  PZ 

— .  excess  free  carbon  —  high 
black  smoke 


20  curved  vane  aerodynamic  swirler 
This  device  generates  more  efficient 
swirl  —  higher  swirl  number 
higher  mass  flow  recirculation  back 
along  burner  axis  —  lower  smoke 
and  improved  combustion  efficiency  sw 


St  acnS.ird 


|).  f  f  .  r. 
v  rl.  r 


iir‘. 


.2of0^2.5 


0  =  1.9 
O  =  1.4 
0=  1.2 


I-  iK.  > 


K  i  bum  up 


for  Spoy 


iclU' 


ond  i  t  i  <'Cir- 


.001  .002  .003  .004  .005  .006 

Total  elapsed  time  (secs) 

SUL  iqni 

Opt  iinutn  ral.t  of  dilution  for  'O  burn  up  (Fullv  mixed) 


t)r'ir,i:;p  tc^v-thor  two  or  frioro  ia/rin^tcc-  of  'i  hiph  tofnperature  alloy  containiig 
r  r:  'it.d  •’hiuTiri'-' 1  r. ,  proinc'ed  by  '-ct.ro-cf'.omicfii  macliining.  Tins  provide;' 

‘i  'i  •  in  rhtot.  form  w:.th  an  ■•vi^rall  tf.icknciis  typical  of  current  conlu.'^t.c^r 

.-'W.;  t.'w  '  W!  'laninatc  t.raroply  15  ai-isetnblf'd.  Tfie  devolopmont  of  thiti  material 
•a:  :  in  T-.-f.'*.  V-iriour  0t.fUidnrdc  of  two  laminate  Transply  have  been 
•  mi.-'iM  '.f  fiol'-u  it;  t.h*-  fefdside  atul  hot  gas  side  laminai.e.  Tlie  metering 
.  :  '.y  ;  •-■irrie-i  *  ut.  by  t  Vi*-*  feedside  liole;'. 
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PIG  AND  ENGINE  DEVELOPMENT 

The  definition  of  the  combustor  now  in  airline  seirvice  if?  the  result  of  an  extensive  rig  and  engine 

test  programme  lasting  a  number  of  years.  Rig  testing  has  taken  various  forms  viz; 

(i)  Water  analogy  tests  -  These  have  been  used  to  visualise  flow  patterns  within  full  size 
transparent  (Perspex)  model  combustors.  This  technique  was  particularly  useful  in  the  early 
development  of  the  curved  vane  swirler. 

(ii)  Airflow  tests  -  Full  scale  single  sector  tests,  used  to  confirm  calculated  predictions  of 
combustor  pressure  loss  and  to  determine  aerodynamic  effects  in  the  annuli,  have  been 
supplemented  by  smaller  scale  airflow  testing  on  all  of  the  major  individual  combustor  components 
including  the  Transply. 

(iii)  Atmospheric  pressure  tests  -  Single  sector  terting  at  atmospheric  pressure  has  been  used  for 
flame  observation  in  screening  various  modifications.  This  qualitative  approach  has  proved 
useful  and  is  now  being  supplemented  by  a  quantitative  method.  Here  gas  sampling  traverses 
are  carried  out  at  various  planes  within  the  combustor  leading  to  contour  plots  of  fuel  air 
ratio,  unburnt  hydrocarbons  and  carbon  monoxide.  It  is  expected  that  this  technique  will 
lead  to  further  improvements  to  future  standards  of  the  combustor.  Tests  to  determine  the 
basic  ignition  performance  of  the  combustor  are  also  carried  out  at  atmospheric  pressure. 

(iv)  High  pressure  single  sector  tests  -  facilities  for  this  type  of  testing  (see  Figure  8)  extend 
across  the  whole  range  of  engine  operating  conditions  enabling  the  following  combustor 
parameters  to  be  determined:- 

o  Emissions  measurement  -  Combustion  efficiency  is  normally  measured  at  J%  thrust  conditions 
for  comparison  with  the  lowest  of  the  EPA/ICAO  mode  points.  Gas  samples  are  transported 
via  heated  lines  to  a  mobile  laboratory  where  concentrations  of  carbon  monoxide,  unburnt 
hydrocarbons  and  carbon  dioxide  are  measured.  The  heated  line  sample  transport  system 
and  the  laboratory  conform  to  the  requirements  of  Ref. 1 .  Good  agreement  has  been  obtained 
between  rig  measured  results  and  measurements  taken  on  engine  tests.  Measurements  of 
smoke  and  oxides  of  nitrogen  are  made  using  the  same  basic  set-up  at  maximum  take-off 
conditions.  Gas  samples  for  rig  smoke  measurement  are  taken  directly  from  the  hot  gas 
stream,  i.e,  without  dilution  by  the  bypass  stream.  A  good  correlation  between  rig  and 
engine  test  results  has  been  established  once  an  allowance  is  made  for  the  bypass  ratio. 

o  Pattern  factor  -  the  combustor  outlet  temperature  pattern  factor  is  normally  measured  at 
maximum  take-off  conditions  using  a  single  thermocouple  probe  to  produce  a  72  point 
measurement  array. 

o  Metal  temperature  -  thermal  paints  are  used  to  assess  the  effect  on  wall  temperatures  of  all 
modifications  to  combustors.  Direct  measurement  of  metal  wall  temperature  using  embedded 
thermocouples  has  also  been  carried  out.  This  teclmique  enables  measurements  to  be  taken 
over  a  range  of  conditions  both  inside  and  outside  the  engine  operating  envelope. 

(v)  Sub  Atmospheric  Tests  -  a,  itude  ignition  and  light-round  performance  has  been  assessed  using 
a  triple  sector  (i.e.  3  interconnected  combustors)  rig  which  runs  at  simulated  altitude 
windmilling  conditions. 
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5.  TRANSPLY  r  COMBUSTOR 

The  first  fully  viable  Spey  al3  Tran'sply  combustor,  Tranrply  I,  is  illustrated  dia^xamatically  in 
Fig^ure  9.  The  design  had  its  origins  both  in  research  work  carried  out  o:  earlier  Spey  sized 
TranspTy  combustors  and  in  the  theoretical  studies  described  in  Section  2.  The  requirement  that  the 
r. 'W  combustor  should  be  a  direct  replacement  for  the  existing  standard  determined  the  design  of  features 
such  as  method  of  location.  The  standard  discharge  nozzle,  cooled  by  splash  strips  and  the  exi:;ting 
duple  fuel  spray  nozzles  were  retained.  Novel  features  of  Transply  I  were: 

(a)  A  20  vane  aerodynamic  curved  vane  swirler  with  145*’'  vane  angle.  Tl;e  number  of  vanes  and  the  vane 
angle  were  based  on  an  empirical  study  into  the  effect  of  these  parameters  on  pollutJint  foraation. 

(b)  Z  Cooling  rings  at  the  point  where  the  Trarisply  barrel  was  joined  to  the  head  find  to  the  dcwi'.stream 
sheet  metal  section.  The  filming  characteristics  of  Transply,  Fef.i*,  showed  the  need  for  a  starter 
film  device  and  for  a  means  of  cooling  sh.eet  rr.etal  components  immediately  downstream  of  the 
Transply  barrel. 

(c)  Transply  for  the  hemispherical  head  and  cylindrical  barrel,  chosen  to  minimise  air  requirements 
whilst  maintaining  adequate  cooling  performance.  The  configuration  and  porosity  of  the  Transply 
required  was  determined  from  data  obtained  as  part  of  the  Transply  material  evaluation  programme. 

(d)  Plunged  secondary  and  dilution  holes  and  plain  intermediate  zone  holes  sized  to  obtain  the  optimum 
zonal  fuel  air  ratio  distribution  discussed  in  Section  2.  A  new  technique  of  hole  plunging  was 
developed  specifically  for  use  with  Transply. 

The  -h'cirri  was  further  finessed  during  a  development  prograx._Ee  using  the  single  .ector  HP  test  rig. 

Tlio  mail,  achievements  of  the  programme  being  in  emissions  improvements  brought  about  by  ’fine-tuning’ 
of  the  zonal  fuel  air  ratios. 

Full  HP  rig  evaluation  of  the  combustor  performance  showed  substantial  improvements  in  both  gaseous 
'•mi i C'ns  and  smoke,  ccmipareu  to  the  conventional  combi stor.  The  nutlet.  t.pr'pprRt.ure  pattern  factor 
and  or>a  level  igrition  characteristics  were  also  superior  to  those  of  the  standard  combustor.  Results 
from  a  rig  thermal-paint  test  at  maximum  take-off  condition  {Figure  10)  show,  ihe  'Prari'-y'ly  head  to  he 
at  an  acfoptable  temperature  except  where  the  Transply  is  welded  to  the  first  section  of  the 
Z  cooling  ring.  The  barrel  showed  substantial  areas  of  over-heat,  roost  severe  downstream  of  plunged 
secondary  and  dilution  holes,  along  the  axial  weld  and  around  the  downstream  Z  cooling  ring. 

Eng.ine  test  results  largely  confirmed  the  rig  results,  the  emissions  performance  (Figure  11)  meeting 
the  proposed  smoke  limit  and  making  substantial  progress  towards  meeting  proposed  limits  on  carbon 
monoxide  and  unburnt  hydrocarbons.  A  50  hour  cyclic  endurance  test  produced  the  result  illustrated 
in  Figure  12.  Tlie  therma.1  fatigue  cracks  on  the  combustor  could  be  correlated  with  hot  areas  shown 
up  by  thermal  paint. 


t 


SML  >911,’ 


l  iy.I!  rtipitic  intMsured  vrnissi«>ns  r*‘sults  for  ■!r.in''ply  I 

'Tx  I)  ,jn(1  oiiv(  111  i  iina  I  wi^gU-strip  i  W  S  )-  ‘’mbu-' t.  or- 


SML  19109 


Fig. 


Transply  t  combustor  cracks  after  *>0  Hr 
endurance*  test 


y.  li. 


I 


1 


6.  TRAT/SFLY  IT  COMBUSTOR 


The  re:desipmcd  all  Transply  combustor,  designated  Transply  II,  is  shown  in  Fipuro  13.  The  aim  whv^  *.c 
maintain  the  zonal  stoichiometry  of  Transply  I,  so  the  secondary  and  dilution  hole  patterns  were 
r''’tained.  How(?ver,  the  followinp,  design  changes  were  made: 


r.  The  ?0  vane  curved  vane  swirler  waf  retained  but  redesigred  to  be  more  suitable  for 

production,  base!  on  experience  gained  in  putting  a  combustor  fitted  with  a  curved  vaiic 
swirler  into  jroduction  in  1979  in  the  Spey  Mk  511-8  engine. 


o  The  Tranfiply  used  for  the  combustor  head  was  changed  to  a  later  standard  having  the  same 
porosity  and  filning  characteristics  bu:.  improved  internal  heat  trnjisfer  properties. 


o 


ITie  barrel  Transply  was  changed  to  a  grade  with 
internal  heat  transfer.  Tlie  porosity  increase 
achieving  the  desired  metal  temperatures  in  the 
porosity  was  determined  from  the  experimentally 
flow  characteristic  of  Transply. 


50  *  increased  porosity  luid  improved 
was  considered  to  b*’  the  only  means  of 
combustor  barrel.  The  required  increase  in 
measured  cooling  effectiveness  -  versus  mass 
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o  'Hie  di’utioii  holt-  n»?,  wh:'  deleted  and  the  'TrsiriSply  section  extended  downstream  for  the 

full  barrel  length.  The  upstream  "  coriling  ring  was  replaced  by  one  cf  improved  design. 

The  Transply  II  combustor  underwent  an  intensive  rig  and  engine  developmerit  prc'gracinie 
wliich  led  tfj  the  follcjwing  modifications; 

(i)  Optimisation  of  swirler  and  upstream  cooling  ring  flows  to  improve  ground  idle  combustion 
efficiency.  The  effective  area  of  these  devices  was  found  to  be  very  import’uit  in  its 
effect  on  emissions  production  and  conventional  inspection  teolmiques  were  fo’-ind  to  be 
inadequate  to  achieve  the  desired  control.  This  led  to  the  design  of  test  rigs  to  measure 
airflows  in  both  development  ajid  subsequently,  production  combustors.  The  porosity  of  the 
Transply  material  is  also  checked,  both  in  sheet  form  and  once  formed  into  finished  combust 

(ii)  Modifications  to  the  dilution  system  to  achieve  the  required  level  of  pressure  loss. 

The  combustor  resulting  from  the  development  excercise  has  been  designated  Trai'sply  I  IB,  Thermal 
paint  results  for  Transply  TIB  are  presented  in  Figure  lU  which  shows  the  significant  improvements 
gained  over  the  Transply  I  results.  Figure  compares  the  Transply  IIB  metal  temperatures  with 
those  of  the  conventional  combustor. 

Rig  and  engine  measured  performance  parameters  for  the  IIB  combustor  are  tabulated  below  and 
illustrated  in  Figure  16. 


TABLE  II 

TPAllSPLY  IIB  PERFOPMANCE 


7%  Idle 

Combustion 
Efficiency  i%) 

Smoke 

SAE 

Pattern 
Factor  % 

Radial  Temperature 
Profile  %  ^  %  Turbine 
Blade  Height 

ENGINE 

(5  tests) 

Mean 

97.79 

18.6 

36.6 

13.2  @  50 

Range 

97.61-97.96 

12. 1-21*. 1 

- 

- 

RIG 

(7  tests) 

Mean 

98.00 

23.0 

28.8 

9.8  ?  52 

Range 

97.6-98.1*5 

18.0-25.0 

23.5-32.8 

8.5-11.0  g  50 

Plunged  secondary  Plain  tertiary 
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Fig.n  Transply  If  combustor 
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Pcirit'h  En^ino  Testy 

A  set  :->V  Transply  IIP  combustors »  reworked  from  an  earlier  standard,  has  completed  two  successive 
ISO  hours  modification  approval  tests  and  a  100  hours  (lOOO  cycles)  cyclic  endurance  test  TT»ese 
tests  were  carried  out  at  a  turbine  entry  temperature  of  lUUOK  compared  to  a  normal  in-service  maximum 
of  1 The  cccibustors  had  some  thermal  fatigue  cracking  in  the  barrel  and  head,  the  cracks  in  tno 
barrel  bcinj?  in  an  ar'^a  possibly  distressed  during  re-work.  Part  of  this  set  is  being  subjected  tc 
furl),er  engine  running  to  determine  the  crack  propagation  characteristics  of  the  combustor. 

Evidence  so  far  iiidicates  that  crncks  propagate  steadily  with  no  sudden  failure.  The  dcwriatream 
turbine  component..^  of  the  engine  were  in  better  condition  following  the  above  tests  than  would  bo  the 
case  with  conventional  combustors. 

In  order  to  fully  assess  the  rigour  of  the  types  of  endurance  testing  to  which  the  combustor  has  b'^cn 
subjected,  since  the  rich,  primary  zone  might  be  expected  to  reach  its  maximum  temperatuj'e  below 
take-off  conditions,  n  parametric  metal  temperatxire  study  was  carried  out.  This  oonsi.'ted  of  er.bt.-ddi 
1- J4  thermocouples  into  the  Trajisply  hot-side  laminate  and  continuously  monitoring  temperature i:  cvt-r  i 
range  of  rig  oj)erating  conditions  extending  from  ground  idle  to  beyond  maximum,  take-off.  Cndi'iot.s, 
particularly  fuel  air  ratio,  extending  outside  the  normal  engine  running  range  were  also  included.  T 
results  shoved  .a  monotonic  relationship  between  engine  power  setting  and  .metal  temp(?rat 'arc.' ,  thu:= 
indicating  that  the  engine  bench  development  experience  will  highlight  the  likely  service  problrnc. 


Service  Evaluation 

The  durability  of  Transply  in  an  airline  service  environment  has  been  ai;;:or:5ed  makiiig  use  of  the 
Transply  Intermediate  Zone  (TIZ)  combustor.  This  eumbustor.  Figure  IT,  consists  of  a  Spey  Mk 
flametube  head  as  far  as  the  rear  of  the  second  wiggle  strip  where  a  Transply  barrel  is  attached  with 
a  seam  weld.  The  barrel  which  also  incorporates  an  axial  weld  is  butt  welded  to  the  discharge  nozzle 
mounting  ring. 

The  tertiary  dilution  hole  pattern  is  scaled  to  the  Spey  Mk  512  standard  to  maintain  the  same  overall 
pressure  loss  and  outlet  temperature  profile. 

Four  TIZ  combustors  combined  with  six  standard  Spey  Mk  512  combustors  were  fitted  to  each  of  6  engines 
and  introduced  into  service  as  below: 


Operator 

Engine  No. 

Total  Hours 

British  Caledonian 

Spey  7701 

3071 

British  Caledonian 

Spey  7795 

3C01 

Monarch 

Spey  7728 

21.50 

Dan  Air 

Spey  7730 

3093 

British  Airways 

Spey  U75lt 

31*00 

British  Airways 

Spey  751B 

1*000 
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Fig. 17  Iransply  intermediate  zone  (T17-)  vombustor 


enotnf:  pepfofmance 

Th'-  improvement  in  combustion  efficiency  produced  by  use  of  the  IVtinspiy  lit  c-'niburto-r  1 'I)  has 

r'^’r-ulted  in  an  overall  improvement  to  enpine  fuel  efficiency.  This  ir.  illurbratod  in  ric:ur'‘  which 
:-.hy^w3  how  a  1.1%  ^edi'ction  in  fuel  burn  is  achieved  over  a  ty7>ical  flpey  Mk  "'-f'  opera*  inp  cycle. 

Tlio  flipb.t  relipht.  capability  of  the  enpine,  fitted  with  the  new  coml  ast-r-r  staniard  has  been  as.-^ertr-d 
by  ^quippinr  one  engine  of  a  Fokker  F/lB  flip.ht  ieve ] npment  aircraft,  vit.b.  Trans- 'y  IIB  combustors. 

Tlu'  '“npine  relit  at  all  conditions  guaranteed  in  the  Flight  Manual,  ar  pliown  in  Fipurc  fO  (ref.y). 

Til*.’  or;ly  unsuccessful  rtarts  dj.jring  the  test  were  at  positions  3  and  8  (Fiprare  ?0).  However, 
at  th^’se  conditions  the  coribusl.orr.  relit  sat.  is  fad  ori  ly .  No  attempt,  was  made  to  cheek  t  li«‘  full 
boundp.riec  of  tn^  re  1  i  pi  t  envelope.  Simulated  altitude  relight  tests,  on  a  low  oresj.ure  rip  indicate 
Miat  the  Transply  IlB  relight  cajjability  is  superior  to  that,  of  the  conventi’''na’  "ombustor.  Engine 
I'.andling  during  the  flight  relight  tests  revealed  iio  problems. 
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ENTPY  INTO  wSEr'VICE 

A::  Fi  result  of  the  extt-r’.sive  test  pr':irr?i..r.!r,e  outlined  -  u.- ';y ,  *i*.  Tr'-.r  ..  I'.;*  •  : 

.'ertified  for  full  airline  service  anvi  has  teen  fitted  to  all  new  product!  3r*?y  Mk 
.■■iticc  January,  198'*'.  Tlie  combustor  iv  illustrated  in  ri^niiv  JI  ah:-nrt'i  h''  the  ernw 
it.  rep'] aces. 
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coNcr.i;sioNS 


o  The  difficult  task  of  reducing  emission  levels  from  the  highly  loaded  Spey  combustor,  whilst 
mai:.‘.aining  acceptable  performance  in  other  combustor  parameters,  has  been  achieved  by  using 
Transply,  In  fact,  the  ignition  performance  of  the  ccwibiistor  has  been  enhanced  relative 
h  vigglestrip  standard. 

c  Trfuiiiply  IIB  combustor,  currently  in  service  in  the  P28  aircraft,  complies  with  the 

ICAO'EPA  smoke  limits  and  procedures.  The  UHC  emissions  have  been  reduced  by  a  factor  of  20 
relative  to  the  datum  wigglestrip  combustor. 

o  An  engii,.'  test  on  a  modified  version  of  Transply  IIB  combustor  has  demonstrated  full  UHC, 

CO,  NOx  ind  Crioke  compliance  with  the  1986  ICAO  limits.  It  is  currently  being  developed 
for  full  engineering  clearance 

o  As  a  result  of  the  above  achievements  the  Transply  ctxnbustor,  which  will  comply  fully  with 
the  emission  targets,  has  been  chosen  for  the  recently  announced  Rolls-Royce  Tay  engine. 
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DISCUSSION 


O.Hennecke 

( 1 )  In  Figure  1 S  you  show  a  remarkably  uniform  wall  temperature  of  the  Transply  combustor.  Was  this  achieved 
by  metering  the  local  cooling  flow  through  the  Transply  according  to  the  local  heat  load  from  the  flame? 

(2)  In  your  introduction  you  mentioned  that  you  also  considered  the  economics  of  the  new  combustor.  How 
does  the  cost  of  the  Transply  combustor  compare  to  the  cost  of  the  wigglestrip  combustor? 

Author’s  Reply 

( 1 )  The  current  standard  of  combustor  uses  two  grades  of  Transply,  one  in  the  head  and  one  in  the  barrel.  Each 
of  these  grades  is  homogeneous.  Some  development  work  has  been  done  using  graded  (i.e.  non-homogeneous) 
flow  Transply  in  both  head  and  barrel.  The  results  of  this  were  very  good  but  the  technique  increases  the 
manufacturing  complexity  since  specific  areas  from  a  graded  Transply  sheet  have  to  be  selected  for  a  particular 
component. 

(2)  The  Transply  combustor  is  simpler  to  fabricate  than  the  wigglestrip  design.  This  leads  to  a  reduction  in 
fabrication  costs,  but  this  is  offset  both  by  the  high  cost  of  producing  Transply  and  by  the  costs  of  stringent 
and  novel  methods  of  quality  control  The  overall  effect  is  to  make  the  Transply  combustor  more  expensive 
by  some  10-15  percent. 


J.MonUbert,  Fr 

Est-ce  que  cette  chambre  de  combustion  est  plus  ligdre  que  la  pr6c£dente?  Quelles  sont  les  possibilitds  de 
reparation? 

Author’s  Reply 

Yes,  it  is  a  Uttle  lighter.  There  are  some  possibilities  of  repairing  this  type  of  combustor.  I  have  mentioned  a 
development  combustor  for  which  we  changed  the  combustor  head.  We  are  now  looking  into  repair  in  some  detail. 
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— -^Small  gas  turbine  liner  cooling  is  especially  difficult  due  to  the  low  combustor  air 
flow  and  relatively  large  flame  tube  areas.  Therefore,  it  is  desirable  to  increase  the 
cooling  potential  of  the  cooling  air  by  application  of  combined  convective-film  cooling. 
Its  advantage  must  be  balanced  carefully  against  the  disadvantage  of  increased  weight 
and  production  cost. 

The  large  number  of  variable  parameters  of  a  combined  cooling  configuration  requires 
a  computer  model  which  allows  the  simulation  of  different  cooling  approaches .  '  r 

verification  of  this,  model  tests  with  various  configurations  were  conducted  in  a  2D- 
cooling  rig. 

Good  agreement  between  measured  and  calculated  liner  temperatures  could  be  achieved. 
Thus,  the  model  is  suitable  to  show  under  which  conditions  a  marked  decrease  of  wall 
temperature  can  be  reached  compared  with  the  case  of  straight  film  cooling  under  the 
same  conditions. 


C/H  -  carbon/hydrogen  ratio  by  weight 

L  -  Luminosity  factor 

P  bar  pressure 

T  K  temperature 

W  m/s  velocity 

X  mm  distance 

Indices 

an  annulus 

C  cooling  air 

F  film 

FT  flame  tube 

G  hot  gas 

Su  not  film  cooled  surface 

Sad  adiabatic  surface 

2D  test  model  conditions 

4  combustor  outlet 

1 .  INTRODUCTION 

The  quest  for  gas  turbine  engines  with  higher  thrust-to-weight  ratio  and  lower  speci¬ 
fic  fuel  consumption  entails  increasing  turbine  entry  temperatures  and  pressure  ratios. 

In  accordance  with  Ref.  1  the  pressure  ratios  in  the  1000  kW  engine  bracket  are  expected 
to  grow  from  a  present  12  to  20,  and  the  turbine  entry  temperatures  from  1400  K  to  1600  K 
and  over.  For  combustion  chamber  applications,  this  means  that  the  temperature  of  the 
hot  gases,  as  well  as  that  of  the  compressor  air  used  for  cooling  purposes,  is  bound  to 
grow.  Accordingly,  wall  temperatures  will  rise  unless  inhibited  by  a  higher  allotment  of 
cooling  air  or  by  an  improved  cooling  method  doing  a  more  effective  job.  The  relation¬ 
ship  will  become  apparent  from  Fig.  1,  where  the  effects  of  pressure  ratio  and  turbine 
entry  temperature  have  been  combined  in  accordance  with  Ref.  2  into  a  parameter  plotted 
on  the  abscissa,  while  the  ordinate  represents  the  cooling  air  requirement  for  the  re¬ 
spective  flame  tube  surface  area.  The  shape  of  the  curve  qualitatively  reflects  the 
relationship  between  these  two  quantities  for  straight  film  cooling.  Below  the  shaded 
area  is  the  region  in  which  the  fleune  tube  walls  are  undercooled,  and  above  it  they  are 
overheated . 

The  engine  points  on  the  graph  were  determined  on  the  assumption  that  60  t  of  the 
combustion  chamber  air  is  allotted  to  wall  cooling  and  that  1270  K  is  the  maximum  allow¬ 
able  wall  temperature.  At  these  conditions  the  combustion  chambers  of  large  engines 
like  the  CF6-50  and  PWA  2037  are  just  about  undercooled,  so  that  the  cooling  air  flow 
could  safely  be  reduced  or  the  cooling  method  be  less  effective. 

Not  so  with  small  engines,  where  at  a  pressure  ratio  of  13  and  a  turbine  entry  tempe¬ 
rature  of  1550  K,  a  fully  60  %  share  of  the  cooling  air  supply  is  not  enough  to  cool 
the  flame  tube.  The  patently  different  cooling  requirements  of  small  versus  large  engines 
is  explained  by  differences  in  construction.  With  small  engines,  coming  with  a  centri¬ 
fugal-flow  final  compressor  stage  as  they  generally  do,  the  preference  is  for  reverse- 
flow  annular  combustion  chambers,  which  state  up  well  with  the  centrifugal-flow  compressor. 
While  this  gives  an  advantageously  short,  compact  construction  to  the  engine,  for  which 
see  Pig.  2,  it  stakes  the  surface  of  the  combustion  chamber  unproportionately  large,  be¬ 
cause  of  its  location  above  the  turbine.  Add  to  this  the  deflector  elbow,  which  devi¬ 
ates  the  combustion  gases  to  the  turbine  through  an  angle  of  180*  and  equally  requires 
cooling.  All  of  which  puts,  much  store  emphasis  on  combustor  cooling  prbbleaia  than  is 
standard  in  big-engine  work. 
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For  the  small  engines,  therefore,  more  effective  cooling  methods  to  give  more 
cooling  power  for  the  same  if  not  reduced  cooling  air  input  is  called  for.  This  greater 
cooling  effectiveness  can  be  achieved  by  preceding  film  cooling  with  convective  outer 
surface  cooling  for  improved  utilisation  of  the  cooling  capacity  of  the  air.  Fig.  3 
illustrates  various  approaches  to  convective  outer  surface  cooling,  which  may  be  of  the 
impingement  or  the  convection  duct  type. 

For  both  cooling  methods,  there  exists  a  large  number  of  parameters  with  which  to 
affect  cooling.  In  impingement  cooling  this  would  be,  mainly,  the  pattern  and  size  of 
impingement  holes,  the  depth  of  duct,  and  selective  allocation  of  the  impingement  and 
film  cooling  shares  of  the  total  pressure  loss  of  the  cooling  figuration.  With  the  con¬ 
vection  duct,  the  depth  of  duct  and  the  type  and  effective  roughness  of  fitted  items, 
such  as  spoilers,  fins,  pimples  and  pins  all  play  a  part  as  well. 

The  cooling  effect  can  in  either  case  be  controlled  additionally  by  the  manner  in 
which  the  flow  is  routed  in  convection  and  film  cooling.  As  shown  in  Fig.  3  the  flow 
can  be  parallel,  counterflow  or  parallel  and  counterflow  combined. 

As  it  will  already  have  become  apparent  from  the  schematic  arrangements  of  Fig.  3, 
design  feasibility  is  an  important  aspect  to  consider  in  the  selection  of  a  cooling 
method.  While  this  aspect  is  set  aside  in  the  present  paper,  it  is  nevertheless  ad¬ 
mitted  that  added  complexity  of  design  will  as  an  immediate  drawback  entail  cost  and 
weight  penalties.  Before  contemplating  the  embodiment  of  cooling  methods  in  hardware 
designs,  therefore,  one  should  have  proper  proof  that  the  total  effectiveness  of  the 

combined  convection  and  film  cooling  methods  will  be  clearly  superior  to  that  of  straight 

film  cooling;  otherwise,  the  effort  would  not  be  warranted. 

Investigations  into  cooling  configurations  in  a  realistic  combustion  chamber  environ¬ 
ment  are  rather  impracticable,  owing  to  the  high  pressures  and  temperatures  involved. 

More  moderate  temperatures  and  ambient  pressures  substantially  facilitate  testing,  but 
are  suspected  to  compromise  results.  For  truly  representative  evidence,  not  only  the 
geometric  similarity  but  also  the  pressure  loss  across  the  cooling  configuration,  the 
Reynold's  numbers  inside  and  outside  of  the  hot  gas  wall  and  finally  the  mass  flow  and 
temperature  ratios  of  hot  gas  to  cooling  film  entry  air  would  have  to  be  kept  constant. 
This  being  an  onerous  job,  an  alternative  approach  is  here  attempted,  where  the  results 
obtained  under  test  rig  conditions  are  reproduced  by  means  of  a  newly  evolved  compu¬ 
tational  procedure.  The  rig  tests,  accordingly,  merely  serve  to  verify  the  general  vali¬ 

dity  of  the  computational  procedure,  and  no  attempt  is  made  to  assess  the  cooling  method 
on  the  strength  of  rig  test  evidence.  Actual  comparison  of  the  relative  merits  of  the 
various  cooling  methods  is  then  made  by  computation  at  small  gas  turbine  level. 

2 .  TESTS 

2.1  Test  Setup  and  Conditions 

Fig.  4  is  a  schematic  arrangement  of  the  rig  setup  used  in  testing  cooling  effective¬ 
ness.  The  respective  test  specimen  separates  the  cooling  air  duct  from  the  hot  air  duct 
in  the  test  section. 

Having  passed  through  an  air  heater,  the  heated  air  reaches  the  test  section  through 
an  insulated  rectangular-section  duct.  A  spoiler  grid  produces  the  intended  degree  of 
turbulence  in  the  hot  air  duct.  In  plane  1  on  the  sketch  a  probe  can  be  traversed  in 
three  directions. 

The  cooling  air  enters  the  secondary  air  duct  from  above.  The  respective  setting 
for  the  cooling  air  to  hot  air  duct  pressure  ratio  allows  cooling  air  to  flow  through 
the  test  specimen  and  into  the  hot  air  duct.  The  air  bypassing  the  test  specimen  issues 
from  the  rig  through  a  pipe  line. 

In  the  experiments  designed  to  test  the  effectiveness  of  the  cooling  film  the  secon¬ 
dary  air  duct  was  sealed  off  in  the  test  specimen  area  by  an  insulation  layer. 

The  tests  were  run  at  the  following  standard  conditions; 

Tq  »  873  K 

V^G  ■ 

Wq  •  50  m/s 

T  ■  3  % 

W  >18  m/s  (at  tests  without  insulation) 

an 

2.2  Description  of  Test  Specimens 


Three  different  cooling  methods  were  investigated: 

-  straight  film  cooling 

-  combined  impingement  /  film  cooling 

-  convection  duct  cooling 


For  each  cooling  method,  two  speciowns  were  available  (cf.  Pig.  5).  The  film  cooling 
specimens  FI  and  F2  are  identical  in  construction  except  for  the  free  flow  area.  The 
test  specimen  PI,  which  was  designed  to  represent  a  configuration  for  a  large-site  coei- 
bustlon  chamber,  has  3.8  times  the  flow  area  of  test  specisM'  F2.  The  unconventional 
form  of  the  test  specimens  comes  as  a  result  of  two  considerations i  One,  the  lip  was  to 
be  as  short  as  possible,  for  which  the  additional  length  of  passage  that  was  needed  to 


blend  the  discrete  incoming  jets  into  a  film  was  obtained  by  deflection.  Two,  a  configu¬ 
ration  of  this  type  is  suitable  for  producing  combined  impingement/f ilm  cooling,  which 
operates  on  the  counterflow  principle.  As  it  will  become  apparent  from  Fig.  5  the  test 
specimens  PFl  and  PF2  were  produced  simply  by  tack-welding  perforated  plates  to  the  film 
cooling  specimens  FI  and  F2.  The  perforation  of  the  plates  is  indicated  in  Tab.  1. 

The  convection  duct  specimens  KFl  and  KF2  are  made  of  two  cover  plates  separated  by 
a  corrugated  metal  sheet  forming  cooling  passages.  For  improved  heat  transfer,  the  metal 
sheets  either  form  off-set  fins  as  with  test  specimen  KFl,  or  are  slotted  as  with  test 
specimen  KF2. 

2.3  Test  Results 

First,  the  flow  characteristics  of  all  test  specimens  were  charted.  Plotted  in  Fig. 

6  is  the  reduced  mass  flow  versus  pressure  loss.  As  it  will  readily  become  apparent  the 
test  specimens  FI  and  PFl  exhibit  a  considerably  larger  flow  than  F2  and  PF2  .  The  cover 
plates  of  the  combined  impingement/film  cooling  configuration  were  designed  to  have 
about  25  %  of  the  pressure  loss  caused  by  the  impingement  holes.  Another  35  %  of  the 
pressure  loss  was  caused  by  the  air  dedicated  to  film  cooling.  The  duct  flow  causes  the 
greatest  pressure  loss.  The  effective  area  of  the  film  cooling  holes  varied  with  the 
presence  or  absence  of  the  cover  plate,  the  C  value  improving  when  a  cover  plate  was 
tacked  in  place.  Flow  differences  of  similar  magnitudes  were  noted  also  for  test  speci¬ 
mens  KFl  and  KF2.  The  test  specimens  with  the  large  flows  simulated  combustion  chamber 
environments  in  large  engines,  while  those  with  the  small  flows  were  typical  of  con¬ 
ditions  in  the  reverse-flow  annular  combustion  chambers  used  in  small  gas  turbine  engines. 

Fig.  7  shows  the  cooling  film  effectiveness  of  cooling  film  configurations  FI  and 
F2  versus  the  Odger  Winter  parameter,  which  in  accordance  with  Ref.  3  represents  a 
correlation  quantity  permitting  effectiveness  to  be  evaluated  at  randomly  selected  con¬ 
ditions.  The  cooling  film  effectiveness  was  evaluated  in  accordance  with  the  following 
equation : 


where  T.  is  the  temperature  of  the  insulated  specimen  wall  in  the  absence  of  film  cool¬ 
ing,  temperature  of  the  insulated  wall  with  film  cooling  applied. 

Obviously  the  results  obtained  with  cooling  film  FI  can  readily  be  correlated,  while 
for  cooling  film  F2,  the  pressure  loss  makes  itself  clearly  felt.  It  is  suspected  that 
the  air  flow  diverted  for  cooling  film  F2  does  not  fully  fill  the  film  gap  and  that  the 
thickness  of  film  varies  with  the  pressure  loss.  This  property  remaining  intact  at  ele¬ 
vated  pressures  and  temperatures,  however,  the  results  will  also  in  that  form  be  accept¬ 
able  for  subsequent  extrapolation  to  engine  applications. 

The  Nusselt  numbers  in  the  duct  of  test  specimens  KFl  and  KF2  were  first  determined 
separately  in  a  special  rig,  with  the  results  shown  in  Fig.  8.  They  are  needed  for  compu¬ 
tational  verification  of  the  evidence  obtained  on  the  cooling  test  rig.  The  Nusselt  number 
of  test  specimen  KFl  is  greater  than  that  of  KF2  at  the  same  Reynolds  number  over  a  wide 
range. 

Fig.  9  shows  typical  readings  taken  on  the  test  specimens  PFl  and  KFl.  In  both  cases, 
thermal  conduction  effects  were  apparent.  On  test  specimen  KFl  the  cooling  air  forms  a 
film  at  the  end  of  the  duct  and  operates  in  the  manner  of  film  cooling.  Combination  of 
film  with  convection  cooling  was  deliberately  omitted,  because  it  was  intended  to  first 
isolate  the  detail  effects.  It  is  envisioned  to  couple  the  two  effects  together  by  com¬ 
putation  at  a  later  date. 

Comparison  of  the  two  cooling  methods  was  not  attempted.  Conditions  underlying  the 
respective  measurements  were  too  different  for  true  comparison  -  the  flow  being  much 
higher  for  KFl  but  in  the  absence  of  the  film  cooling  enjoyed  by  PFl.  Yet  the  measure¬ 
ments  were  not  intended  to  support  an  assessment  of  the  cooling  methods.  The  intention 
rather  was  to  obtain  readings  suitable  for  comparison  with  computed  values.  The  compu¬ 
tational  procedure  used  for  the  purpose  is  described  below. 

3 .  COMPUTATIONAL  PROCEDURE 

The  computational  procedure  bases  on  a  one-dimensional  heat  flow  model  as  it  is 
illustrated  in  Fig.  10  by  way  of  a  control  volume  of  the  cooling  configuration.  On  the 
hot  gas  side,  heat  transfer  is  by  radiation  and  convection,  after  which  the  heat  is 
conducted  through  the  hot  gas  wall,  with  a  thermally  Insulating  layer  being  optionally 
considered.  In  the  convection  duct  the  heat  picked  up  by  the  air  axially  must  be  allowed 
for,  apart  from  the  heat  transfer  between  the  gas  and  the  wall.  The  heat  transfer  to  the 
secondary  duct  again  is  by  conduction,  convection  and  radiation. 

The  metal  plate  used  in  the  construction  of  combustion  chambers  being  rather  thin, 
axial  thermal  conduction  was  ignored. 

3.1  Heat  Transfer  on  the  Hot  Gas  Side 

Heat  transfer  on  the  hot  gas  side  is  by  radiation  and  convection.  To  determine  the 
convection  term,  resort  was  made  to  the  cooling  film  effectiveness  measurements. 

Turbulence  in  the  combustion  chamber  flow  can  be  considered  in  accordance  with 
Ref.  4  by  the  following  statement: 
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where  M  is  the  mass  flow  density  ratio  of  cooling  air  to  hot  gas  at  the  film  entry,  and 
s  is  the  depth  of  slot.  On  the  2-D-rig,  a  spoiler  grid  was  used  to  maintain  a  turbulence 
intensity  of  a  constant  3  %.  LDA  measurements  taken  at  the  exit  of  a  Larzac  combustion 
chamber  (Ref.  5)  indicate  a  turbulence  intensity  of  15  %.  In  accordance  with  Ref.  6, 
however,  the  turbulence  is  assumed  to  be  less  in  a  reverse-flow  annular  combustion 
chamber,  owing  to  the  lower  reference  speed.  The  value  assumed  for  the  reverse-flow 
annular  combustion  chamber,  therefore,  was  9  %. 

In  hot  gas  radiation,  a  great  amount  of  uncertainty  exists  regarding  the  luminosity 
factor,  which  allows  for  augmentation  of  gas  radiation  by  smoke  particles.  In  accordance 
with  Ref.  3  the  luminosity  factor  is  formed  as  a  function  of  fuel  composition  in  accord¬ 
ance  with  the  following  equation: 

2.71 

L  =  0.0691  (C/H  -  1.82) 

This  equation  was  used  in  the  computation  of  hot  gas  radiation.  The  formulation  for 
the  exchange  of  radiation  between  the  gas  and  the  wall  was  made  in  accordance  with  Ref.  7. 


3.2  Heat  Transfer  in  the  Convection  Duct 

Heat  transfer  in  the  convection  duct  was  determined  for  impingement  cooling  using 
Nusselt  numbers  stated  in  Ref.  8.  They  base  on  measurements  taken  over  a  wide  range  of  i 

jet  Reynolds  numbers.  This  effective  range  also  covers  the  constellation  encountered 
with  the  combustion  chamber. 

If  the  convection  duct  would  be  finned,  use  could  either  be  made  of  measured  Nusselt 
numbers,  or  the  Nusselt  numbers  could  be  computed  via  the  fin  efficiency.  Various  fin  I 

geometries,  such  as  rectangular  or  triangular,  could  be  selected. 

Exchange  of  radiation  in  the  convection  duct  is  limited  to  that  between  the  walls. 

The  cooling  air  can  be  routed  in  the  convection  duct  in  either  parallel  or  counterflow.  ) 

3.3  Heat  Transfer  to  the  Combustion  Chamber  Annulus 

On  the  outside  of  the  flame  tube  wall,  heat  transfer  occurs  by  convection  to  the  | 

combustion  chamber  secondary  air  and  by  radiation  to  the  combustion  chamber  casing.  I 

Use  was  made  of  a  duct  relation  to  determine  the  heat  transfer  coefficient.  f 


4.  COMPARISON  BETWEEN  MEASUREMENT  AND  COMPUTATION  AT  MODEL  TEST  RIG  CONDITIONS 

Fig.  11  compares  the  wall  temperatures  in  the  presence  of  cooling  films  FI  and  F2. 

In  both  cases  the  test  rig  conditions  described  in  Chapter  2  were  maintained.  Unlike 
in  earlier  presentations  of  cooling  film  effectiveness  the  outer  wall  of  the  test  speci¬ 
mens  was  not  insulated;  the  flow  velocity  in  the  secondary  duct  was  18  m/s. 

Agreement  of  the  test  points  with  the  computed  curves  is  excellent  over  the  entire 
flow  path  tested. 


Fig.  12  is  a  comparison  between  measurement  and  computation  for  the  combined  impinge¬ 
ment/film  cooling  and  the  convective  duct  cooling  methods. 

In  impingement/film  cooling  the  deviation  of  the  computed  axial  temperature  variation 
over  the  entire  test  section  does  not  exceed  2.5  %.  It  is  solely  the  last  test  point, 
lying  as  it  does  in  the  impingement  cooled  section  of  the  test  specimen,  which  exhibits 
a  greater  amount  of  deviation.  This  is  attributable  to  axial  heat  conduction  effects 
ignored  in  the  computation  model. 


In  the  case  of  convection  cooling  the  measurement  was  made  in  the  absence  of  film 
cooling.  The  outside  of  the  test  specimen  was  insulated  for  maximum  freedom  from  inter¬ 
ference  with  the  measurements.  In  this  case,  again,  the  only  major  deviation  of  the 
computed  from  the  measured  results  was  at  the  edge  of  the  test  specimen,  which  is  again 
attributable  to  axial  conduction  effects.  Dn  balance  the  computational  model  makes 
sufficiently  accurate  predictions  of  the  temperature  profile  of  the  test  specimen  wall. 

5.  ASSESSMENT  OP  THE  VARIOUS  COOLING  METHODS 

5.1  Comparison  at  Test  Rig  Conditions 

From  the  cooling  aspect,  comparison  of  the  three  cooling  methods  one  with  the  other 
Is  of  special  interest.  This  comparison  la  shown  in  Pig.  13,  which  illustrates  the  cool¬ 
ing  configurations  F2,  PP2  and  KF2,  with  the  amount  of  cooling  air  being  the  same  for 
all  three.  The  test  specimen  KF2  had  film  cooling  applied  additionally,  when  It  was 
assumed  that  film  cooling  was  caused  by  a  preceding  configuration  Identical  to  KF2.  In 
contrast  with  the  previously  shown  configurations  the  cooling  air  flow  is  substantially 
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less  and  approximately  corresponds  to  conditions  encountered  in  the  reverse-flow  annular 
combustion  chamber  of  a  small  gas  turbine. 

At  these  conditions,  impingement  film  cooling  makes  for  no  lower  wall  temperatures 
than  straight  film  cooling,  for  the  reason  that  the  film  cooling  effect,  which  is  com¬ 
promised  by  the  heat  imparted  to  the  cooling  air,  cannot  be  overcompensated  by  the  im- 
I  proved  external  heat  transfer.  Conceivably,  optimisation  of  the  local  pattern  and  size 

of  impingement  holes  and  the  depth  of  duct  might  lead  to  somewhat  lower  the  temperature 
and  alleviate  especially  the  axial  temperature  gradient;  in  the  final  analysis,  however, 
impingement  cooling  will  -  at  2D  rig  conditions  simulating  a  small  engine  combustion 
chamber  -  afford  the  advantage  of  a  more  homogeneous  temperature  distribution. 

I  The  highest  wall  temperatures  were  found  for  the  convective  duct/film  cooling  which 

i  results  from  low  heat  transfer  in  the  convection  duct  in  combination  with  poor  effec¬ 

tiveness  of  the  cooling  film  under  test  model  conditions. 

'  5.2  Comparison  at  Combustion  Chamber  Conditions 


For  definition  of  combustion  chamber  flow  conditions,  the  type  of  combustion  chamber 
and  the  size  of  engine  should  be  specified,  considering  that  the  amount  of  cooling  air 
available  varies  importantly  with  these  boundary  conditions.  The  present  paper  takes  a 
look  at  typical  conditions  in  the  combustion  chamber  area  of  a  small  engine.  Fig.  14 
shows  the  combustion  chamber  of  this  engine.  The  thermodynamic  cycle  conditions  of  this 
combustion  chamber  are: 

Pan  =13  bar 

T^,  =  667  K 

=  3.2  kg/s 

T^  =  1550  K 

Further  important  data  entering  into  the  wall  temperature  calculation  are  the  local 
flow  and  hot  gas  temperature  conditions.  These  obviously  vary  with  the  axial  position 
along  the  combustion  chamber.  With  reverse-flow  combustion  chambers,  changes  are  especi¬ 
ally  drastic.  Flow  conditions  may  be  prevailing  on  the  outer  liner,  e.g.,  at  which  the 
secondary  flow  moves  in  a  direction  counter  that  of  the  hot  gas  or  film  flow.  For  straight 
film  cooling,  this  may  have  notable  impact  on  wall  temperatures. 

For  the  wall  temperature  calculation,  the  following  significant  quantities  were  se¬ 
lected: 


Wq  =10  m/s 

Ma^„  =  0.03® 
dn  an 


20  m/s 


For  these  conditions  the  computer  model  was  used  to  determine  the  wall  temperature 
profile  for  the  three  different  cooling  methods,  when  a  3  %  pressure  loss  was  maintained 
in  all  cases  and  the  air  flow  through  the  configuration  was  a  constant  4  %.  In  the  case 
of  configuration  KF2  these  conditions  can  be  established  by  using  suitable  perforations 
at  the  inlet. 

The  result  is  shown  in  Fig.  15. 

Straight  film  cooling  makes  for  the  highest  wall  temperatures  a.nd  the  steepest  wall 
temperature  gradients  when  film  and  secondary  air  flows  run  in  the  same  direction.  This 
cooling  method  would  appear  much  more  promising  -  in  regard  to  both  peak  temperature 
and  temperature  distribution  -  if  the  secondary  flow  is  made  to  run  counter  the  film,  as 
it  is  the  case  on  the  outer  liner  of  the  flame  tube. 

Compared  with  this  constellation  the  combined  impingement/film  cooling  method  affords 
no  essential  advantage,  although  admittedly  the  configuration  used  was,  again,  no  opti¬ 
mised  solution,  but  rather  the  standard  configuration  of  Tab.  1. 

The  combined  convection  duct/film  cooling  method  is  the  most  effective  of  the  lot. 
Compared  with  impingement  cooling  the  maximum  wall  temperature  was  lowered  by  100  K, 
and  compared  with  film  cooling  in  counterflow,  by  150  K.  The  effectiveness  can  still  be 
improved  when  use  is  made  of  the  counterflow  principle.  This  very  much  levels  the  tempe¬ 
rature  distribution  and  the  temperature  peak  is  again  reduced. 

The  question  surfaced  whether  or  not  the  superiority  of  the  convection/film  cooling 
method  might  be  due  to  the  failure  to  optimize  the  impingement/film  configuration.  It  was 
therefore  attempted  to  improve  the  cooling  effectiveness  by  varying  the  depth  of  duct, 
the  diameters,  the  number  of  impingement  holes  or  the  stagger  of  the  rows  of  holes  (see 
Tab.  1).  The  results  are  shown  in  Pig.  16.  While  starting  from  the  basic  configuration 
the  above  changes  indeed  improves  the  effectiveness,  this  amounted  to  relatively  modest 
reduction  of  some  30  K  in  the  maximum  temperature. 

Conceivably  the  temperature  could  be  made  more  uniform  if  impingement  holes  of  various 
diameters  axially  were  used.  Calculation  was  prevented,  however,  for  the  lack  of  Nusselt 
relations  for  this  case. 

5.3  Potential  Cooling  Air  Savings 

From  the  practical  combustion  chamber  development  aspect  the  objective  is  not  to  use 
improved  cooling  methods  to  lower  wall  temperatures  below  the  level  achieved  with  present 
methods.  Rather,  it  is  attempted  to  achieve  the  same  wall  temperatures  despite  reductions 
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in  the  amount  of  cooling  air  expended.  Fig.  17,  therefore,  shows  how  much  cooling  air 
can  be  economised  if  combined  convection/film  cooling  is  used  in  comparison  to  straight 
film  cooling. 

The  comparison  was  made  for  the  standard  combustion  chcunber  conditions  previously 
defined.  The  cooling  air  flow  at  film  cooling  was  4  %  of  the  entire  combustion  chamber 
air.  At  these  conditions  the  combined  convection/film  cooling  method  required  only 
nearly  one-half  of  the  air  being  used  in  straight  film  cooling  at  parallel  flow  con¬ 
ditions  . 

6.  CONCLUSIONS 

The  use  of  combined  cooling  methods  has  its  merits  only  where  it  clearly  raises  the 
cooling  effectiveness  over  straight  film  cooling.  This  effectiveness,  therefore,  first 
needs  analysing.  Test  rig  measurements  will  provide  no  conclusive  evidence,  because  it 
is  limited  to  a  few  configurations.  Also,  the  rig  testing  effort  becomes  prohibitive 
when  it  is  attempted  to  test  at  actual  combustion  chamber  conditions.  Measurements  taken 
on  the  model  test  rig  nevertheless  show  that  as  an  immediate  gain,  no  convincing  ad¬ 
vantages  over  straight  film  cooling  can  be  achieved  using  combined  cooling  methods  at 
reduced  conditions. 

The  test  results,  therefore,  were  essentially  used  to  verify  a  computer  procedure 
developed  to  test  the  effectiveness  of  diverse  cooling  configurations  and  subsequently 
extrapolate  them  to  the  conditions  prevailing  in  a  small  reverse-flow  annular  combustion 
chamber . 

It  was  then  seen  that  the  convection  duct/film  cooling  method  gave  the  best  effec¬ 
tiveness  by  far. 

A  very  important  consideration  in  the  assessment  of  the  impingement/film  cooling 
method  is  what  the  local  combustion  chamber  flow  conditions  are.  If  there  exists  a 
strong  flame  tube  outside  flow  in  a  direction  counter  the  flame  tube  flow,  as  it  is 
often  the  case  with  reverse-flow  annular  combustion  chambers,  this  combined  method  pro¬ 
vides  little  if  any  advantage  over  straight  film  cooling.  But  if  the  outside  flow  is 
moderate,  as  in  the  rear  region  of  the  inner  liner,  considerable  advantages  may  result 
over  the  straight  film  cooling  method,  because  impingement  cooling  will  provide  the 
convective  outer  flow  that  otherwise  would  be  missing. 

The  use  of  combined  convection/film  cooling  configurations  is  made  difficult  by  the 
high  stresses  set  up  between  the  two  duct  walls.  The  design  effort  required  to  take 
care  of  these  is  considerable  and  involves  cost  and  weight  penalties.  Ultimately,  then, 
use  will  be  made  of  the  cooling  method  that  gives  adequate  cooling  for  the  least  invest¬ 
ment.  Judgement  in  the  matter  will  rest  on  the  existence  of  safe  methods  of  forecasting 
the  wall  temperatures. 
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Fig.  12:  Comparison  of  Measured  and 

Calculated  Surface  Temperatures 


Fig.  13:  Comparison  of  Different  Cooling 
Methods  under  Rig  Conditions 


Fig.  14:  Reverse  Flow  Combustor 


Fig.  15:  Surface  Temperatures  for 
Different  Cooling  Methods 
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Fig.  16:  Variation  of  Multi  Hole 

Impingement  Configuration 
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Fig.  17:  Reduction  of  Cooling  Air  Demand 
by  Combined  Convective-Film 
Cooling 
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DISCUSSION 


K.ColUn 

( 1 )  What  is  the  length  of  the  film  cooling  specimens? 

(2)  Do  you  optimize  this  length  for  pressure  drop? 

(3)  Have  you  a  feeling  about  the  cost  penalties  of  the  three  film  cooling  schemes? 

Author’s  Reply 

( 1 )  The  length  of  the  film  cooling  specimens  was  about  70  mm. 

(2)  In  the  case  of  the  combined  convective  channel-film  cooling  configuration  only  a  very  low  dependence  of  the 
pressure  drop  on  the  length  of  the  specimen  was  observed.  The  greatest  contribution  to  pressure  loss  resulted 
from  a  row  of  metering  holes  in  the  front  of  the  configuration. 

(3)  Estimation  of  cost  penalties  of  the  combined  methods  is  only  possible  if  the  difference  of  the  cooling  effective¬ 
ness  of  all  three  methods  is  well  known.  To  investigate  the  latter  was  the  task  of  this  paper.  Cost  problems 
should  be  considered  in  connection  with  a  practical  application. 


D.Snape,  UK 

Have  you  made  any  attempts  to  understand  the  fundamental  processes  of  impingement  type  cooling,  e.g.  by  main¬ 
taining  the  effects  of  hole  diameter  pitch  ratio?  If  so,  do  you  have  any  indications  of  how  impingement  effective¬ 
ness  can  be  optimized? 

Author's  Reply 

We  tested  some  variations  in  hole  diameters,  pitch  ratio  and  channel  height.  These  investigations  are  given  in  the 
paper  but  they  are  very  limited.  Optimal  configurations  should  include  the  variation  of  the  hole  diameter  in  the 
axial  direction.  Those  configurations  could  not  be  calculated  because  of  the  lack  of  suitable  heat  transfer  numbers. 


P.Ramette,  Fr 

Avez  vous  fait  une  comparaison  des  contraintes  thermiques  dans  les  matiriaux  pour  les  trois  types  de  refroidissemeni 
que  vous  avez  ^tudi^s? 

Author's  Reply 

Not  yet.  We  first  wanted  to  know  which  cooling  type  gives  the  best  effectiveness.  This  will  be  studied  later. 
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SUMMARY 


The  influence  of  bendsj as  found  in  reverse-flow  combustors  or  in  various  stationary 
gas  turbines,  on  the  :  ^w  exiting  the  mixing  zone  is  studied  experimentally. 

> 

In  a  first  approach,  a  duct  with  circular  cros^section  was  chosen  with  a  predeter¬ 
mined  temperature-,  velocity-  and  concentration-prorale  exiting  the  primary  zone  of  an 
atmospheric  burner.  -Th«?- velocity  profiles  were  measured  in  three  planes  (0®,  45®,  90®) 
and  downstream  of  the  bend  using  a  five-hole  spherical  probe.  AlsOv>'5.he  temperature  and 
pressure  distribution  as  well  as  the  concentration  profile^ particularly  of  CO^jwere 
measured  in  the  respective  planes.  It  was  found,  that  energy  as  well  as  species-transport 
arises  primarily  from  secondary  flow  phenomena  combined  with  strong  pressure  gradients. 

In  a  first  attempt  to  clarify  the  various  phenomena,  the  development  of  <$h^;6tatic  pres¬ 
sure  and  the^temperature  is  calculated  for  two-dimensional  flow  using  a  finite  difference 
scheme  utilizingj.the  well-known  k-e -turbulence  model.  It  is  shown  that  similar  pressure 
characteristics  are  obtained.  Corresponding  temperature  profiles,  however,  result  from 
different  sources. 
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LIST  OF  SYMBOLS 


“inlet 

P 

I" 

Itot 

Y 

Z 


duct  height  at  inlet 
kinetic  energy  of  turbulence 
static  pressure 
ambient  static  pressure 
radius 

total  temperature 
coordinate 
coordinate 
coordinate 

dissipation  rate  of  turbulence 


INTRODUCTION 

In  a  variety  of  gas  turbine  combustor  designs  it  is  found  that  the  hot  gases  exiting 
the  combustor  have  to  be  ducted  through  bends  towards  the  first  stage  of  the  turbine. 

This  applies  for  silo-combustors  of  stationary  gas  turbines  as  well  as  to  reverse-flow 
combustors  of  small  compact  engines  as  found  in  helicopter  application,  for  example.  Due 
to  the  increasing  operating  values  of  engine  pressure  and  temperature,  it  is  extremly  im¬ 
portant  in  designing  the  turbine  to  clarify  the  effect  of  bends  on  the  temperature  and 
velocity  profile  of  the  flow  exiting  the  combustor. 

Up  to  now,  the  majority  of  studies  concerned  with  similar  problems  were  conducted 
under  incompressible,  isothermal  flow  using  primarily  water.  In  a  recent  investigation, 
Taylor  et  al.  [9]  report  on  velocity  measurements  in  a  90  degree  bended  square-sectioned 
duct  with  strong  secondary  motion  and  Reynolds  numbers  of  790  and  40.000  in  water.  They 
indicate  that  partially  parabolic  techniques  seem  to  be  applicable  in  describing  the  flow 
In  an  associated  earlier  study , Humphrey  et  al.  [3]  analyze  the  turbulent  flow  in  the  same 
duct  and  attempt  a  comparison  with  an  elliptic  finite  difference  scheme.  Patankar  et  al. 
1.8]  compare  predicted  total  velocity  contours  in  a  180  degree  bend  with  experimental  mea¬ 
surements.  They  find  a  reduced  accuracy  in  comparison  with  laminar  flow  predictions. 

Moore  and  Moore  [5]  calculate  the  stagnation  pressure  losses  in  a  rectangular  elbow  for 
viscous  compressible  flow.  The  comparison  with  Stanitz'  measurements  shows  relatively 
good  agreement.  For  turbomaohinery  applications, Fister  et  al.  [2]  report  on  theoretical 
and  experimental  studies  in  reverse-bend  channels  of  hydraulic  turbomachines.  Here, the 
flow  is  assumed  to  be  parabolic.  It  is  obvious  that  under  these  conditions  the  complexity 
of  the  measurements  and  calculations  is  drastically  reduced  in  comparison  to  combustor 
flow  analysis.  The  information  required  from  the  designer,  therefore,  remains  incomplete. 
The  present  investigation  is  concerned  with  the  flow  characteristics  in  a  90  degree  bend 
under  non-isothermal  conditions.  Primary  emphasis  was  directed  towards  the  influence  of 
a  non-uniform  temperature  profile.  Under  considerations  of  immediate  application, 

90  degree  bends  with  circulcU'  cross  section  were  used  in  the  experimental  study.  In  order 
to  check  the  Influence  of  secondary  flows,  initial  calculations  were  directed  towards  the 
numerical  analysis  of  two-dimensional  90  degree  bends. 
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EXPERIMENTAL 

The  hot  gas  tunnel  and  the  test  section  are  shown  in  Figure  1.  Hot  flame  gases  from 
an  oil  burner  mixed  with  cold  ambient  air  are  used  in  generating  a  velocity-  and  tempera¬ 
ture-profile  entering  cross-section  I.  The  velocity  profile,  the  temperature  distribution 
and  the  concentration  of  selected  species  are  monitored  in  planes  I,  II,  III  and  IV  as 
indicated.  The  mass-flow  rate  is  determined  by  a  throttling  valve  in  front  of  an  exhaust 
fan  of  high  capacity.  It  should  be  noted  that  any  initial  angular  momentum  of  the  flow  is 
suppressed  by  the  inlet  guide  nozzle  equipped  with  additional  guide  vanes.  The  main  flow 
velocity  was  approximately  20  m/sec  in  the  duct  of  200  mm  ID  and  a  bend  radius  of  290  mm. 
As  shown,  the  measurement  planes  I,  II  and  III  were  at  0“  ,  45®  and  90®  respectively, 
whereas  plane  IV  was  located  almost  1000  mm  downstream  from  plane  III.  Average  flow 
Reynolds  numbers  were  of  the  order  of  2*10*.  As  indicated  earlier,  the  following  parame¬ 
ters  were  recorded: 

1.  static  pressure 

2.  velocity  vectors 

3 .  temperature  and 

4.  concentration  (primarily  CO^). 

Due  to  the  relatively  low  temperatures,  any  secondary  reactions  can  be  excluded.  It, 
therefore,  is  possible  to  utilize  the  COj -concentration  generated  by  the  burner  as  an 
additional  indicator  for  the  transport  phenomena. 


Specifically,  as  the  flow  in  certain  sections  of  the  duct  is  of  three -d^ensional 
character,  a  five-hole  spherical  miniature-probe  was  used.  The  probe  has  a  di^UBeter  of 
2.9  mm  with  pressure  taps  of  0.3  mm  and  was  calibrated  in  a  special  calibration  tunnel 
for  three-dimensional  velocity  and  pressure  analysis.  All  pressures  are  recorded  via  a 
scanlvalve  equipped  with  a  high  accuracy  pressure  transducer  and  a  data-acquisition  system 
as  shown  in  Figure  1.  The  main  components  of  the  system  are  the  relay-multiplexer  and 
the  digital-voltmeter  which  are  controlled  by  a  PDF  11/34  computer,  providing  an  almost 
online  data  reduction. 

The  temperature  is  recorded  as  usual  using  NiCr-Kl  thermocouples.  The  data  acquisi¬ 
tion  chain  is  also  shown  in  Figure  1.  The  concentration  of  COj  -  as  well  as  of  O2 ,  CO, 

NO  and  unburned  hydrocarbons  -  was  recorded  in  planes  I,  II,  III  and  IV  using  an  auto¬ 
mated  system.  A  simple  suction  probe,  l.S  mm  OD,  was  applied.  For  COj ,  an  NDIR-type  gas 
analyzer  was  used. 


EXPERIMENTAL  RESULTS 


Table  1  summarizes  the  experiments.  Four  primary  studies  were  of  dominant  interest: 

1.  As  a  first  step,  cold  flow  without  mixing  with  hot  gases  was  analyzed  for 
reference  purposes. 

2.  A  flow  with  an  initially  symmetrical  temperature  profile  was  generated  and  its 
variations  in  the  bend  were  recorded. 

3.  In  contrast,  an  initial  temperature  profile  with  its  maximum  shifted  towards 
the  outer  radius  of  the  bend  and  its  development  was  observed. 

4.  A  temperature  profile  with  its  maximum  at  an  inner  radius  was  used  for 
comparison. 

It  should  be  noted,  however,  that  the  velocity  profiles  were  not  identical  under  all  four 
conditions. 


Table  1:  Experimental  Program 


Quantity  Measured  Comments 

Total  Velocity  Tracer 
Temp.  _ Field  Gas 


1 

- 

yes 

- 

Reference 

2 

yes 

yes 

- 

Symmetrical  temperature  profile 

3 

yes 

yes 

yes 

Temperature  profile  shifted  towards 
the  outer  radius 

4 

yes 

"* 

Temperature  profile  shifted  towards 
the  inner  radius 

Fig.  2:  Measured  velocity  distribution 


Typical  profile  developments  are  shown  in  Figure  2  where  the  velocity  vectors  in 
planes  I,  II  and  III  are  presented  for  test  No.  3,  Table  1.  The  developing  three-dimen¬ 
sional  character  of  the  flow  is  obvious.  In  consulting  Figure  3,  the  developing  secondary 
flow  is  evident  L9],  starting  with  plane  I  where  the  X-  and  Z-components  are  still  rela¬ 
tively  weak  with  increasing  tendency  up  to  plane  III.  It  is  shown  that  strong  secondary 
flows  exist  in  the  bend  whereas  in  the  straight  exit  duct  a  dampening  effect  is  observed. 
This  seems  to  be  in  good  agreement  with  expectations. 

Fairly  strong  influence  of  the  bend  on  the  temperature  profile  development  is  obser¬ 
ved  as  shown  in  Figure  4.  It  can  be  seen  that  an  squilibrisation  of  the  temperature  occurs. 
Similar  behaviour  is  found  for  the  COi  concentration  as  shown  in  comparing  Figures  4  and 

S.  A  sumsiary  of  the  results  provide  Figures  6  through  8.  It  is  interesting  to  note  that 
for  all  properties  a  shift  and  even  a  reversal  of  the  original  profile  develops.  For  exam¬ 
ple,  the  maximum  temperature  at  plane  I  is  found  at  X/R  of  approxisMtely  0.4.  In  passing 
through  the  bend, this  maximum  is  reduced  considerably  and  finally  the  coldest  part  is  at 
larger  radii  with  a  drastic  temperature  increase  at  lower  inner  diasMters.  The  concentre- 


Plane  I 


Plane  I 


Plane  IQ 


Plane  U 


Fig.  S;  (teMurad  tracargat  distribution 


tion  profiles  behave  analogous.  It  should  be  emphasized,  however,  that  the  data  shown 
are  at  the  midspan. 


Obviously,  various  effects  are  responsible  for  the  energy  and  mass  transport.  First, 
the  developing  strong  pressure  gradients  have  to  be  mentioned  with  the  associated  velo¬ 
cities  LS].  A  major  source  are  the  secondary  flows  which  serve  to  transport  the  heat  and 
species  from  the  outer  zones  into  the  inner  and  central  regions.  The  figures  indicate 
that  strong  mixing  effects  are  connected.  The  higher  density  of  the  cold  zones  supports 
a  stabilization  of  the  colder  flow  at  the  outer  wall.  It  should  be  noted  that  the  flow 
observed  is  not  of  the  potential  vortex  type.  The  relative  importance  of  the  temperature, 
concentration  and  pressure  gradient  shift,  therefore,  is  dependent  on  the  initial  condi¬ 
tions.  Qualitatively,  similar  characteristics  are  observed  under  all  conditions  studied. 
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Fig.  6;  Measured  total  temperatures 
at  planes  I,  II,  III  and  IV 
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Fig.  7;  Measured  CO2 -concentrations 
at  planes  I,  II,  III  and  IV 


Fig.  8:  Measured  static  pressures 

at  planes  II,  III  and  IV 


THEORETICAL  ANALYSIS 


In  a  first  attempt  to  clarify  the  importance  of  the  secondary  flows  on  the  heat  and 
mass  transport,  numerical  calculations  were  performed  for  a  purely  two-dimensional  chan¬ 
nel,  In  addition,  these  calculational  procedures  can  be  used  in  analyzing  reverse-flow 
annular  combustors.  Due  to  its  two-dimensional  character,  secondary  flow  phenomena  are 
avoided.  In  using  a  rectangular  bend,  however,  recirculating  flows  are  introduced. 

The  numerical  procedure  chosen  for  the  description  of  the  time-averaged  equations 
has  been  described  by  us  at  various  occasions  Cl].  The  equations  for  momentum  and  energy 
as  well  as  for  the  turbulence  parameters  k  and  e  can  be  solved  as  shown  by  numerous  other 
groups  [4,  7].  In  general,  the  grid  size  chosen  was  28  x  28  points  with  a  small  grid 
spacing  close  to  the  inner  and  outer  corners.  As  an  outflow  boundary  condition,  parabolic 
flow  was  assumed.  Due  to  separation  and  recirculation  relatively  small  relaxation  factors 
had  to  be  chosen.  Still,  neglecting  relatively  long  computation  times  the  equations  can 
be  solved  on  a  conventional  mini-computer.  Typically,  1500  iterations  were  necessary  to 
arrive  at  a  solution. 


NUMERICAL  RESULTS 

A  typical  initial  temperature  profile  employed  is  shown  in  Figure  9  and  a  characte¬ 
ristic  velocity  distribution  calculated  for  the  channel  is  shown  in  Figure  10.  In  agree¬ 
ment  with  earlier  studies  [6]  it  can  be  seen  that  two  recirculation  zones  downstream  of 
the  inner  corner  and  in  the  outer  corner  region  develop.  This  leads  to  a  shift  of  the 
flow  towards  the  outer  wall.  The  resulting  temperatures  are  illustrated  in  Figure  11. 

In  comparing  the  various  cross-sectional  areas,  it  is  interesting  to  note  that  the 
temperature  maximum  is  reduced  by  a  considerable  amount  (see  planes  I  and  IV  in  Figure 
12).  In  plane  II,  the  profile  is  only  shown  up  to  the  channel  width,  i.e.  the  outer  cor¬ 
ner  region  has  been  omitted.  Although  the  reduction  of  the  temperature  is  similar  to  that 
in  the  flow  of  the  circular  duct, an  inversion  is  not  observed  (compare  Figures  6  and  12). 
This  is  quite  understandable  as  predominantly  recirculation  is  responsible  for  the  tem¬ 
perature  distribution  at  the  inner  wall  which  is  in  contrast  to  the  secondary  flow  pheno¬ 
mena  in  the  circular  duct.  On  the  other  hand,  the  pressure  distributions  for  both  flows 
is  qualitatively  of  good  agreement  as  illustrated  by  Figures  8  and  14.  Despite  pressure 
gradients  of  similar  magnitude  and  density  gradients  due  to  differences  in  temperatures 
and  pressures,  the  heat  and  mass  transport  In  the  purely  two-dimensional  case  is  not  en¬ 
hanced  as  with  secondary  flows.  This  is  clearly  shown  in  the  present  comparison. 
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CONCLUSIONS 

In  comparing  compressible,  non- isothermal  flows  through  a  bend  of  circular  cross- 
section  monitored  experimentally  with  the  flow  through  a  two-dimensional  bend  it  is 
shown  that  secondary  flow  phenomena  are  of  primary  importance  in  the  heat  and  mass  trans¬ 
port  -  it  is  temperature  distribution  and  concentration  profile  -  under  circular  pipe 
flow  conditions.  It  is  observed  that  under  both  conditions  the  mixing  of  hot  and  cold 
flow  is  enhanced.  Under  two-dimensional  conditions  the  inner  recirculation  zone  is  of 
primary  importance.  A  non-uniform  exit  velocity  profile  is  induced  whereas  the  vortices 
in  a  circular  duct  lead  fairly  soon  to  more  uniform  conditions.  In  both  cases,  however, 
a  strong  influence  of  the  bend  on  the  property  distribution  is  observed.  Three-dimensio¬ 
nal,  elliptic  calculations  are  required  for  the  complete  description  of  the  temperature 
and  velocity  profiles  in  circular  ducts,  whereas  two-dimensional  elliptic  codes  seem  to 
be  helpful  in  analyzing  annular  combustor-type  flows. 
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DISCUSSION 


F.Dupoirieux,  Fr 

Concernant  le  code  de  calcul  num^rique,  avez-vous  £valu6  la  viscosite  numerique  due  k  la  discretisation  spatiale,  et 
ne  pensez-vous  pas  que  les  profils  de  pression  statique  obtenus  sont  affectes  par  la  viscosite  numerique? 

Author's  Reply 

We  made  some  experiments  with  different  spacing;  it  did  not  seem  to  affect  the  results. 

J.L.Monlibert,  Fr 

Vous  avez  fait  une  presentation  tres  detailiee  des  ecoulements  ii  I’interieur  de  tubes  courbes.  J’aimerais  savoir 
comment  vous  passez  des  tubes  courbes  aux  chambres  de  combustion  annulaires  ^  flux  inverse? 

Author’s  Reply 

In  a  reverse  flow  combustor  you  have  strong  three-dimensional  effects  with  secondary  flows.  Our  intention  was  to 
find  out  what  are  the  consequences  of  three-dimensional  effects  on  the  temperature  profile.  We  made  the  applica¬ 
tion  for  a  bend  with  a  circular  cross-section,  but  we  had  not  the  time  to  do  it  for  a  reverse  flow  combustor. 
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SUMMARY  ^ 

An  investigation  Vws — h«e»)^aade  of  the  Interaction 
between  multiple  dilution  jets  discharging  from  a 
common  annulus  into  hot  combustion  products.  Gas 
concentrations*  mean  and  fluctuating  gas 
temperatures  (using  compensated  fine  wire 
thermocouples)  have  been  measured  throughout  the 
mixing  region  for  three  dilution  jet  flow  rates.  A 
parallel  theoretical  study  of  the  same  flows  has 
been  conducted  using  the  Rolls-’Royce  PACE  computer 
code;  this  is  a  finite  difference  program 
employing  a . k-c  turbulence  sub-model.  The  output 
from  this  program  has  proved  useful  in  visualizing 
the  flow  and  interpreting  the  experimental  data. 
Attention  is  drawn  to  the  care  needed  when 
comparing  various  types  of  experimental  information 
and  apparently  similar  parameters  output  from 
computer  codes  on  a  mass  flow  weighted  basis.  i 


INTRODUCTION 

In  order  to  achieve  satisfactory  exhaust  temperature  traverse  quality*  and  to  avoid 
premature  quenching  of  flame  reaction*  it  la  necessary  to  understand  the  interaction 
between  multiple  dilution  jets  and  combustion  products.  Reported  in  the  literature  are  a 
number  of  experimental  techniques  that  have  been  employed  to  visualise  and  interpret  the 
complex  nature  of  such  flows  (1-7).  Often  such  studies  have  with  good  reason  been 
concerned  with  simplified  geometries,  e.g.  single  jets  supplied  with  air  via  stub  pipes 
to  ensure  developed  flow.  The  present  study  has  employed  a  layout  more  representative  of 
that  encountered  in  gas  turbine  practice,  with  multiple  jets  fed  from  a  common  annulus. 
Detailed  gas  analysis  and  thermocouple  surveys  have  been  undertaken  for  a  range  of  three 
dilution  flows.  In  addition*  for  one  dilution  flow  rate*  very  fine  wire  thermocouples 
have  been  used  In  an  attempt  to  gain  information  about  the  turbulence  structure 
generated  between  the  two  streams. 

In  recent  years  an  alternative  approach  to  the  visualisation  and  understanding  of  complex 
reacting  flows  has  been  made  possible  by  major  improvements  In  computer  modelllng(8) . 

The  work  currently  reported  is  In  fact  part  of  a  long  term  collaborative  programme 
between  Rolla-Royce  and  Leeds  University  directed  towards  the  step  by  step  validation  and 
Improvement  of  a  computer  model  suitable  for  gas  turbine  combustors.  A  preliminary 
stage*  reported  elsewhere  (9,10),  demonstrated  the  need  for  adequate  definition  of 
boundary  conditions  for  the  model  and  established  an  encouraging  degree  of  confidence  in 
the  model's  ability  to  generate  a  realistic  flowfleld  under  isothermal  conditions.  The 
present  study  concerns  an  Intermediate  stage  where  for  a  similar  geometry  the  jets 
impinge  Into  a  flow  of  hot  combustion  products.  This  particular  experiment  was  designed 
to  avoid  chemical  reaction  between  the  combustion  products  and  the  incoming  jets. 

EXPERIMENTAL  APPARATUS 

(a)  Combustor  and  Mixing  Sactlon 

The  apparatus  used  in  the  experiments*  shown  diagrammatically  in  Fig.  I,  comprised 
three  main  elementa:  primary  zone,  plain  ducting  and  mixing  section.  The  primary  cone  wee 
of  conventionel  design*  similar  to  that  uead  by  Noyce  (11).  It  conelated  of  combuetor 
head  of  conical  Internal  geometry*  incorporating  a  nine  venc  ewlrler  to  promote 
atebillty*  end  a  162.3mm  length  of  I73mm  Internal  diameter  flemetube.  Punched  into  the 
flemetube  were  sixteen  equi-apaeed  primary  porte  of  13.9mm  diameter.  In  this  tone 
combustion  products  wars  genaratad  by  the  lean  burning  of  propane  vapour  and  air. 
Throughout  the  work  reported*  air  was  supplied  to  the  primary  tone  at  atmoapharic 
preaauta  and  a  temperature  of  325K  by  e  centrifugal  blower  at  a  mats  rata  of  flow  of 
0.33kg/s.  A  propane  vapour  flowrate  of  4.23g/s  wee  adopted  In  ell  testa;  the  resultant 
primary  tons  equivalence  ratio  was  0.19.  The  fuel  was  injected  vie  a  noctXe  with  eight 
equl*apaced  holet  of  2ma  diameter  on  a  cone  of  100^  Included  angle*  at  a  praaaure  of 
343kV/m^. 

The  330am  length  of  173ma  diameter  plain  ducting  which  followed  the  primary  sons  wee 
designed  to  allow  thorough  mixing  of  the  product#  Im  order  to  achieve  a  uniform  etreea 
prior  to  the  dilution  air  addition  in  the  mixing  eoetion. 
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The  mixing  section  was  of  similar  design  to  that  used  in  an  earlier  Isothermal  flow  study 
(10).  It  consisted  of  a  further  162.5mm  length  of  175mm  diameter  flametube  in  the 
circumference  of  which  were  punched  eight  equl'^spaced  dilution  ports  of  25.4mm  diameter. 
The  dilution  hole  pitch  to  diameter  ratio  was  2.7.  Air  was  supplied  to  the  dilution 
jets,  as  shown  in  Fig.  I,  via  an  annulus  formed  by  a  concentric  outer  tube  -  the  annular 
gap  being  12.5mm.  The  mixing  section  was  connected  to  a  water  cooled  exhaust  system  by  a 
further  length  of  plain  175om  diameter  tubing.  Three  dilution  air  flow  rates  were 
adopted:  0.15,  0.23  and  0.30  kg/s.  These  corresponded  exactly  to  the  mass  flowrates  used 
in  the  earlier  Isothermal  work  and  will  henceforth  be  referred  to  as  the  low,  medium  and 
high  dilution  flowrates. 

( b )  Gas  Analysis 

Gas  samples  were  withdrawn  through  a  cranked  water  cooled  sampling  probe, 
constructed  of  four  concentric  stainless  steel  tubes.  The  Innermost  tube,  of  Imm 
diameter,  carried  the  gas  sample.  This  was  surrounded  by  a  loose  fitting  "Insulation" 
tube  over  all  but  the  first  10mm  of  its  length.  This  tube  was  in  turn  encased  within  two 
outer  concentric  tubes;  these  carried  flow  and  return  cooling  water.  The  purpose  of  the 
Insulating  tube  was,  following  a  short  "rapid  quench"  length,  to  avoid  excessive  sample 
cooling  which  might  lead  to  condensation  within  the  sample  tube.  To  the  same  end  the 
extracted  sample  was  led  to  the  gas  analysis  equipment  via  an  electrically  heated  line 
which  maintained  the  sample  at  a  temperature  of  about  120  C.  The  outermost  tube  had  an 
external  diameter  of  25.4mm  over  much  of  its  length,  to  lend  rigidity  and  provide 
accurate  probe  location.  However  to  minimise  flow  interference  Its  outer  diameter  was 
12. 7mm  at  the  cranked  head  section;  tapering  to  Just  over  2mm  at  the  sampling  tip.  This 
probe  could  be  located  at  any  position  within  the  mixing  section. 

The  gases  were  analysed  for  total  unburned  hydrocarbons,  CO,  CO^  and  0.  using 
conventional  gas  analysis  equipment;  viz.  Analysis  Automation  Series  523  Flame  Ionization 
Detector,  Grubb  Parsons  Series  20  infra-red  CO  and  CO^  gas  analysers  and  Beckman 
paramagnetic  oxygen  monitor  respectively.  The  Instruments  could  be  read  manually  or  have 
their  output  fed  via  a  DEC  LSI  11-23  mini-computer  to  a  VAX  computer  for  storage  and 
further  analysis.  In  generating  Che  axial  plots  shown  later  a  basic  sampling  grid  of 
seven  radial  and  eighteen  axial  positions  was  employed,  and  for  radial  plots  a  basic  grid 
of  seven  radii  at  7.5  circumferential  spacing  over  a  90  sector  was  used.  In  both  cases 
intermediate  points  were  placed  In  areas  of  high  gradient  of  the  measured  parameter  (12). 

(c )  Mean  Temperature  Measurement 

Mean  gas  temperatures  were  measured  using  bare  platlnum-20t  rhodium  versus 
platinum-40X  rhodium  thermocouples.  The  sensing  element  wires  were  of  0. 127mm  diameter, 
fused  at  Che  juncCloa  to  a  sphere  of  approximately  D.25mm  diameter.  The  wires  were 
strung  across  prongs  formed  by  two  0.5mm  diameter  support  wires  of  Identical  materials. 
These  in  turn  were  built  into  a  twin  bore  alumina  tube  which  fitted  into  a  cranked 
traversing  probe  of  similar  basic  design  to  the  gas  sampling  probe.  The  support  wires 
were  soldered  to  standard  insulated  copper  compensating  leads.  Bare  thermocouple  wires 
were  used  because  catalytic  effects  were  considered  insignificant  at  the  temperatures 
encountered  in  the  present  work  (less  chan  720K).  Similarly  radiation  losses  at  these 
temperatures  were  estimated  to  be  negligible,  on  the  basis  of  the  calculation  procedure 
outlined  by  Hankinson  (13). 

(d )  Fluctuating  Temperature  Measurements 

Fluctuating  temperatures  were  measured  using  uncoaCed  platinum  versus  platinum-lOt 
rhodium  thermocouples  f>  rmed  from  50um  diameter  wires,  welded  to  form  a  bead  of  1.25  to 
1.5  times  wire  diameter.  The  element  was  suspended  between  the  prongs  of  matching  0.5mm 
diameter  support  wires.  These  wires  were  15mm  long  and  12mm  apart  at  Che  sensing  element 
end.  As  with  Che  mean  temperature  thermocouple,  the  support  wires  were  fixed  into  a  twin 
bore  alumina  tube  housed  in  the  earthed  traversing  stainless  steel  probe.  Compensating 
leads  were  again  employed  within  the  probe. 

The  principle  of  electrical  compensation  of  thermocouples  pioneered  by  Shepard  and 
Warshawsky  (14)  has  been  applied  In  an  attempt  to  overcome  thermal  Inertia  effects.  The 
local  time  constant  necessary  to  perform  the  compensation  has  been  derived  on  the  basis 
of  the  d.c.  pulsing  technique  developed  by  Tule  et  al  (15).  The  use  of  high  grade 
electronic  equipment  In  conjunction  with  an  on-line  VAX  11/780  computer  resulted  in  a 
noise  limited  cut-off  frequency  (16)  of  5kRs.  Full  details  of  the  techniques  and 
equipment  used  are  to  be  found  in  Che  work  of  Lam  (17). 

The  thermocouple  signals  could  alternatively  be  transferred  to  an  Integrator  and 
associated  amplifiers  in  order  to  generate  a  mean  temperature  signal.  This  provided  a 
useful  check  against  the  temperatures  measured  with  the  thicker  and  more  robust 
thermocouple  described  previously. 

EXPEtlMEMTAL  RESULTS 


Preliminary  experiments  established  that  uniform  conditions  had  in  fact  been 
achieved  at  entry  to  the  mixing  section.  At  «  position  100mm  ahead  of  the  dilution  jet 
plane  congentratlons  of  the  gases  measured  were  all  within  ^5X  of  their  respective  means 
over  a  90°  sector.  Indeed  the  conditions  remained  constant  up  to  a  plane  only  40mm  ahead 
of  the  dilution  jet  centreline.  The  uniformity  of  the  mixture  aa  expressed  by  the 
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parameter  a,  where  a  la  the  atandard  deviation  in  concentration  (a)  divided  by  the  aean 
concentration  (x),  was  at  the  very  low  value  of  0.032«  The  equivalent  variation  in  mean 
gas  temperature  from  the  overall  average  of  7i5iC  was  even  lover.  These  preliminary 
experlmenta  also  eatabllahed  Chat  no  further  chemical  reaction  proceeded  within  the 
mixing  aection.  Average  temperature  and  gas  concent ra t ions  well  downstream  of  the 
dilution  plane,  where  near  uniformity  was  again  achieved,  were  in  accord  with  what  one 
would  expect  on  the  basis  of  pure  dilution  for  the  given  mass  flow  rates.  No  further 
conversion  of  unburned  hydrocarbon  to  CO  or  CO2  occurred  in  Che  mixing  section,  the 
combustion  efficiency  remained  constant.  Thus  the  concentrations  of  Che  various  gases 
measured  were  not  independent  variables,  although  they  did  provide  a  useful  check  on  the 
behaviour  of  the  gas  analysis  instruments.  An  excellent  degree  of  unanimity  was  obtained 
between  these  various  "trace  gases";  Co  reduce  Che  required  number  of  diagrams  only  data 
for  CO^  are  presented  in  this  paper. 

Shown  in  Fig. 2  are  CO^  concentration  contours  plotted  for  a  plane  through  a  dilution  jet 
and  midway  between  two  adjacent  jets,  for  each  dilution  flow  race.  The  diagrams  extend 
from  40mffl  ahead  to  100mm  behind  Che  centre  of  Che  dilution  jet,  and  the  CO2 
concentrations  are  expreaaed  in  the  form  of  percentage  of  mean  upstream  CO2  level.  An 
expected  Increase  in  jet  penetration  with  greater  dilution  jet  flowrate  is  evident.  It 
Is  also  clear  that  the  mixing  of  the  two  streams  towards  the  expected  downstream 
concentrations,  of  0.70Z,  0.38Z  and  0.S4Z  respectively,  occurs  within  a  shorter  length  of 
duct  with  the  higher  jet  velocities.  This  is  In  accord  with  the  findings  for  the  earlier 
isothermal  study  (10),  although  for  given  mass  flow  rates  the  jet  penetrations  are  lower 
in  the  present  work.  However,  there  Is  no  evidence  of  the  toroidal  recirculation  set  up 
ahead  of  the  jets  (for  the  higher  dilution  flowrates)  which  were  encountered  previously. 
This  is  because  the  reduced  density  of  the  axial  stream  has  led  to  higher  axial 
velocities  and  thus  lower  ratios  of  dilution  jet  to  mainstream  velocities  (1.29,  2.04  and 
2.39  c.f.  2.6,  4.34  and  5.21  in  the  earlier  work).  On  the  basts  of  this  velocity  ratio 
the  high  dilution  flowrate  of  the  present  work  la  roughly  comparable  with  the  low 
flowrate  for  the  isothermal  case.  Shown  in  Fig.  3  are  equivalent  concentrations  of  trace 
gas  obtalnd  In  the  isothermal  study  for  the  velocity  ratio  of  2.6. 

Comparison  with  Fig.  2(c)  demonstrates  considerable  similarity,  although  the  jet 
penetration  la  more  marked  for  the  case  of  the  hot  axial  stream.  The  Jet  also  stayed 
coherent  longer,  requiring  a  greater  axial  length  of  duct  for  dlaalpatlon. 

Shown  in  Fig.  4  are  aean  gas  temperature  contours  for  the  same  two  axial  planes  used  in 
Fig.  2  for  the  three  dilution  flowrates.  While  there  Is  a  large  degree  of  agreement 
between  the  concentration  and  mean  temperature  patterns,  it  Is  clear  that  in  each  case 
jet  penetration  (as  indicated  by  the  dashed  trajectory  lines)  seems  to  be  greater  for  the 
concentration  measurements.  This  effect,  which  has  been  noted  previously  elsewhere  (5), 
is  demonstrated  more  graphically  in  Fig.  5  where  the  increase  in  temperature  and  trace 
gas  concentration  for  the  incoming  jet  as  it  mixes  with  the  axial  stream  la  expressed  In 
non-dlmenslonel  form  by: 
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where  C  ,  T  are  the  noraalleed  versioo.  of  the  locel  concentration  (c)  and  teapereture 
(T).  Suffices  J  and  F  refer  to  Incoaing  Jet  and  final  (well  downstreaa)  average  values 
of  these  paraaetera.  The  differences  between  the  two  sets  of  contours  could  poselblp  be 
ascribed  to  different  theraal  and  aaas  diffusion  rates.  This  would  have  laportant 
consequences  for  coaputer  aodelllng.  However  in  Interpreting  the  data  of  Fig.  S  It 
should  be  reaeabered  that  they  have  been  derived  on  the  basis  of  rather  different 
experlaentsl  techniques.  In  withdrawing  a  saaple  In  a  fluctuating  turbulent  flow  the  gas 
analysis  technique  will  deteralne  a  aaas  weighted  average  quantity,  whereas  the  fine  wire 
theraocouple  will  be  less  sensitive  to  the  ases  flow  per  unit  voluae  (18).  It  should 
also  be  reaeabered  that  the  gas  aaapllng  probe  will  extract  gee  froa  soae  finite  voluae 
within  the  alxlng  tube,  and  present  an  average  for  this  voluae.  The  position  of  the 
centroid  of  this  voluae  will  equally  very  according  to  the  direction  of  the  flow; 
leoklnetlc  aaapllng  was  not  feasible  for  the  adopted  geoaetry.  The  theraocouple  will  not 
experience  this  effect  In  the  saae  way.  Finally  It  should  he  borne  In  alnd  that  the 
flaaetube  walls  are  not  truly  adlebetic;  this  will  affect  teaperature  readings  close  to 
the  wall. 

Corresponding  radial  aean  teaperature  contours  at  the  dilution  plane  and  at  planes  10,  25 
and  hOaa  downstraaa  of  this  are  shown  In  Fig,  6  for  the  highest  dilution  flowrate.  The 
180°  sectors  have  been  generated  by  alrror  laaglng  the  90°  aeaauted  sector  data.  The 
aoveaenc  of  the  Jet  trajectory  away  froa  the  wall  and  the  diffusion  of  the  Jet  Into  the 
aaln  streea  can  clearly  be  aeen  In  these  sequences.  It  la  alto  possible  to  detect,  for 
the  high  flowrate,  the  developacnt  of  the  classical  kidney  shaped  vortices  foraed  by  the 
Interaction  of  the  flows  (19).  In  the  high  flowrate  case  this  has  led  to  the  eree  of 
lowest  concentration  at  the  bOaa  plane  lying  between  the  Jets  rather  than  in  line  with 
thea.  Tha  effect  was  lass  aatked  at  the  lower  dilution  flow  rates.  It  la  also  possible 
to  detect  areas  of  high  teaperature  at  the  wall  laaediately  behind  each  Jet  hole.  This 
la  a  characteristic  of  soae  gas  turblna  prlasry  and  dilution  Jats,  It  le  a  consequence 
of  the  expansion  bahind  the  Jett  of  thoec  hot  axial  gaaat  flowing  batwean  the  blockaga 
canted  by  the  Incoaing  J.t  flown  and  Into  thn  low  prastura  ragfon  Just  downatreaa  of  the 
Jat. 


The  "relative  efficiencies'*  of  olxing^  fbr  the  the  three  dilution  flowrates  are  shown  In 
Fig.  7(b),  where  the  parameter  s(«o/T)  Is  plotted  as  a  function  of  distance.  The 
stronger  disruption  and  faster  mixing  to  a  low  value  of  s  for  the  highest  flowrate  is 
very  evident.  It  is  also  of  Interest  to  note  the  almost  exponential  decay  In  mixing 
rate.  These  data  were  evaluated  from  the  radial  plane  temperatures. 

Shown  in  Fig. 8  are  mean  and  compensated  r.m.s.  fluctuating  temperatures  derived  from 
compensated  fine  wire  thermocouple  measurements  for  an  axial  plane  through  a  jet  hole 
centre  for  the  middle  dilution  flowrate.  The  mean  temperature  contours  are  In  accord 
with  those  measured  by  the  thicker  thermocouple.  However,  It  Is  interesting  to  note  that 
the  Influence  of  the  jet  is  detected  by  turbulent  fluctuations  penetrating  deeper  into 
the  flow  than  indicated  by  mean  temperatures  and  gas  concentrations.  It  is  particularly 
interesting  to  note  the  high  r.m.s.  temperature  values  associated  with  the  severe 
shearing  action  at  the  leading  edge  of  the  jet,  this  is  noticeably  greater  than  at  the 
trailing  edge  of  the  jet.  This  Is  In  part  due  to  the  high  radial  jet  velocity  and  In 
part  due  to  the  high  axial  velocity  of  the  axial  stream  as  the  blockage  generated  by  the 
jets  causes  it  to  accelerate  in  the  central  area  of  the  tube. 

THEORETICAL  MODEL 

CalculatloQS  of  the  flows  described  were  carried  out  using  a  variant  of  the  PACE 
computer  code  (8).  This  program  uses  the  finite  difference  technique  to  solve  the 
equations  of  motion  for  fully  three  dimensional  turbulent  flow.  A  k-c  turbulence 
sub-model  is  used  to  describe  the  turbulent  velocity  fluctuations. 

For  this  work  the  equations  solved  were  the  finite  difference  representations  of 
continuity,  momentum,  scalar  conservation,  scalar  mean  variance,  turbulence  energy  (k) 
and  turbulence  dissipation.  A  more  detailed  description  of  the  program  and  the  constants 
used  can  be  found  In  references  (8)  and  (10).  For  the  computations  reported  in  this  work 
a  grid  of  30  nodes  in  the  axial  direction,  13  in  the  radial  direction  and  10  in  the 
circumferential  direction  was  used.  Previous  work  indicated  chat  grid  independent 
solutions  could  be  obtained  provided  Che  grid  was  concentrated  in  regions  of  high  angled 
velocity  (10).  As  a  consequence  selective  grid  refinement  was  carried  out  in  the  region 
of  the  dilution  hole. 

The  temperature  used  for  the  axial  flow  was  the  mean  value  measured  on  the  rig; 
similarly  Che  temperature  adopted  for  the  dilution  air  flow  was  that  measured  at  delivery 
to  the  outer  annulus.  A  flat  velocity  profile  was  assumed  for  the  axial  stream  at  entry 
Co  Che  mixing  section.  The  angle  of  Inclination  of  the  jet  through  the  dilution  port  was 
taken  as  68^,  in  accord  with  the  mean  of  chat  measured  for  the  earlier  Isothermal  work 
(10).  A  flat  jet  entry  velocity  profile  was  assumed,  as  was  the  absence  of  swirl  in  both 
streams.  For  the  calculation  of  temperature  Che  mixing  chamber  walls  were  considered 
adiabatic,  so  that  temperature  could  be  treated  as  a  conserved  scalar  **  l.e.  the  gradient 
of  temperature  was  taken  Co  be  aero  at  Che  walls. 

In  addition  to  calculating  Favre  averaged  temperatures  at  each  point  In  the  flow,  the 
program  is  capable  of  deriving  a  value  of  variance  in  the  fluctuating  temperature.  In 
Che  computer  code  the  variance  has  been  calculated  as  a  conserved  scalar,  with  a  source 
proportional  to  the  variance  multiplied  by  pe/k  plus  a  term  proportional  to 
gk  (7T).(7T)/e*  The  constants  of  proportionality  adopted  were  -2  and  2  x  0.9/Pr 
respectively,  where  Pr  Is  Che  turbulent  Prandtl  number  (taken  as  D.7). 

THEORETICAL  RESULTS  AND  DISCUSSION 

Shown  in  Fig.9  are  Che  computed  contours  of  Pavre  averaged  temperatures,  together 
with  streak  line  plots  for  the  Intermediate  dilution  flowrate.  The  streak  line  diagrams 
are  particularly  valuable  for  vlzuallzlng  the  flow,  clarifying  the  general  picture  drawn 
from  the  experimental  data.  Comparison  of  Fig.  4(b)  with  Fig.  9(b)  reveals  a  fair 
measure  of  agreement  between  experimental  and  computed  data.  However,  the  computed 
trajectory  of  jet  penetration  is  greater,  and  the  rate  of  jet  dissipation  less,  than  that 
observed  experimentally.  The  same  effects  were  noted  at  the  two  other  dilution 
flowrates . 

The  computed  jet  trajectory  is  more  closely  in  agreement  with  that  found  experimentally 
by  the  gas  analysis  technique,  Fig.  2(b).  In  the  earlier  discussion  of  the  differences 
between  the  two  sets  of  experimental  data  it  was  noted  that  the  gas  analysis  results  were 
subject  to  a  mass  flow  weighted  averaging  effect,  whereas  the  temperature  measurements 
were  not.  In  this  respect  the  concentration  data  might  be  thought  to  provide  a  better 
basis  for  comparison  with  the  computed  results  (18),  since  the  latter  are  Favre  averaged 
at  each  point.  However  computed  time*mean  averaged  temperatures,  calculated  using  the 
computed  fluctuating  temperatures  together  with  the  Favre  averaged  temperatures,  proved 
little  different  to  the  latter  in  the  present  study.  Since  the  degree  of  agreement 
between  theory  and  experiment  was  better  in  the  isothermal  study  it  is  possible  that  the 
neglect  of  the  jet  entry  velocity  profile  in  the  present  work  might  be  significant. 

Other  reasons  for  the  observed  slower  diffusion  Indicated  by  the  computed  results  might 
be  associated  with  the  neglect  of  swirl  in  the  Jet  flows  or  with  the  assumption  of  too 
low  a  turbulence  Intensity  for  the  incoming  Jet.  However  a  parametric  study  of  the 
effect  of  the  Jet  inlet  turbulence  Intensity  showed  this  to  be  relatively  unimportant  - 
the  turbulence  generated  by  the  shearing  action  of  the  Jet  renders  that  Initially  within 
the  Jet  relatively  Insignificant.  Perhaps  a  more  serious  error  is  the  neglect  of  an 


axial  flow  velocity  profile.  In  practice  the  maxlmuro  velocity  will  occur  In  tht*  .  h  .  t  r  a  1 
core  of  the  flow  -  this  would  tend  to  reduce  Jet  penetration.  Finally,  It  shouM  he 
noted  that  the  assumption  of  Identical  thermal  and  mass  diffusion  In  the  mndel  mav 
questionable.  By  using  different  values  of  turbulent  Prandtl  number  for  mass 
concentration  and  temperature  calculations,  it  has  indeed  been  possible  to  reproduce  the 
experimentally  observed  differences  In  concentration  and  temperature  profiles. 

The  square  root  of  the  calculated  Favre  averaged  variance  in  temperature  is  showtt  in 
Fig, 9(c)  ^  again  for  the  Intermediate  dilution  Jet  flow  rate.  It  can  clearly  be  seen 
that  the  variance  is  greatest  in  the  shear  layers  at  the  leading  and  trailing  edges  'f 
the  Jet,  This  la  in  accord  with  the  picture  Implied  by  the  experimental  root  mean  s^juare 
of  fluctuating  temperature  data  derived  from  the  compensated  thermocouple,  Fig.  ( b  >  . 

Care  should  be  exercised  when  viewing  Figs,  9(c)  and  8(b)  together,  as  the  two  parameters 
plotted  are  not  identical.  Nevertheless,  as  an  order  of  magnitude  measure  and  indl.  at-r 
of  areas  of  mixing  activity,  the  observed  degree  of  similarity  Is  considered  gratifying, 

CONCLUSIONS 

1.  The  experimental  data  generated  by  gas  analy8*is  and  thermocouple  techniques  have 
confirmed  the  basic  features  of  cross  flow  Jet  mixing  expected  ,  although  the  observed  let 
trajectories  were  often  at  variance  with  those  noted  with  more  idealized  geometries  (J'). 

2.  Although  doubts  have  been  quite  widely  expressed  about  the  validity  of  compensated 
fine  wire  thermocouple  data,  in  the  present  work  fluctuating  temperature  measurements 
proved  useful  for  Indicating  areas  of  Intense  mixing  activity, 

3.  Great  care  Is  needed  when  comparing  averaged  data  derived  using  alternative 
experimental  techniques  and,  likewise,  apparently  similar  parameters  output  from  computer 
codes.  Different  physical  and  numerical  averaging  effects  can  result  in  significant 
variations  In  observed  phenomena. 

4.  Within  the  above  limitations  good  agreement  between  experimental  and  theoretical 
data  was  obtained  in  the  current  work.  Computer  programs  of  the  PACE  type  are,  in  their 
present  state  of  development,  considered  to  be  valid  development  tools  In  combustor 
design.  At  the  very  least  they  are  capable  of  providing  (more  quickly  and  flexibly)  a 
degree  of  understanding  of  a  flowfleld  comparable  with  that  generated  by  physical  water 
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5.  Using  computed  data  it  is  possible  to  pinpoint  areas  within  a  flow  where  energy 
dissipation  is  unaccompanied  by  useful  mixing  of  fluid;  l.e.  unnecessary  pressure  loss. 
There  Is  some  evidence  in  the  present  study  that  cross  flow  Jet  mixing  may  be  inefficient 
In  this  respect,  lending  support  to  the  development  of  alternative  combustor  design 
concepts  that  eliminate  conventional  dilution  zones  (21). 
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DISCUSSION 


H.Eickhoff,  Ge 

To  attribute  the  differences  in  the  mixing  pattern  of  temperature  and  concentration  to  difference  exchange  co¬ 
efficients  for  heat  and  mass  is  contradictive  with  many  other  experimental  results.  Did  you  study  the  influence  of 
different  initial  and  boundary  conditions  on  the  predicted  mixing  patterns? 

Author’s  Reply 

The  experimentally  observed  differences  in  temperature  and  concentration  mixing  contours  are  not  attributed  to 
different  exchange  coefficients  for  heat  and  mass  transfer;  this  is  only  one  of  a  number  of  possible  explanations 
considered  in  the  paper.  We  are  not  alone  in  observing  this  type  of  behaviour,  which  has  also  been  reported  by 
Kamotani  and  Greber  -  reference  [5]  in  the  text. 

We  have  computationally  assessed,  in  the  purely  parametric  manner,  the  influence  of  varying  turbulence  intensity 
at  the  boundaries.  However,  as  stated  in  the  paper,  it  was  found  that  the  jet  inlet  turbulence  intensity  is  relatively 
unimportant  -  the  turbulence  subsequently  generated  at  the  interface  of  the  two  streams  overwhelms  that  initially 
within  them. 


P.Hebrard,  Fr 

Est  ce  que  vous  avez  vdrifi^  que  I’^coulement  4tait  effectivement  uniforme  en  amont  des  trous  de  dilution?  Une 
distance  d’environ  2  diametres  entre  les  orifices  primaires  et  les  orifices  de  dilution  me  parait  faible  pour  avoir  un 
^coulement  uniforme. 

Le  module  de  calcul  est-il  parabolique  ou  elliptique?  Je  suis  £tonn6  qu’il  n'y  ait  aucune  zone  de  recirculation. 
Author’s  Reply 

Yes,  we  have  checked  that  temperature,  concentration  and  velocity  were  uniform  upstream  of  the  dilution  holes. 
The  model  is  elliptic.  We  did  not  notice  any  recirculation.  In  our  earlier  work,  with  a  larger  flow  ratio  and  a  greater 
penetration  we  had  recirculation  ahead  of  the  jet  and  we  found  the  calculated  recirculation  was  overestimated. 


P.Ramette,  Fr 

Avez-vous  visualise  ou  calculi  le  champ  de  vitesse  dans  un  plan  perpendiculaire  i  I’icoulement  principal  de  la 
chambre?  En  particulier,  les  tourbillons  contrarotatifs  provoquis  par  I’interaction  d’un  jet  avec  I’icouiement 
principal  ne  sont-ils  pas  positionnis  ii  I’intirieur  du  jet  plutot  qu’4  I’extirieur?  Ne  pensez-vous  pas  que  ces 
tourbillons  peuvent  etre  une  zone  de  dissipation  d’inergie  accompagnie  de  peu  de  dilution  ce  que  pourrait 
iventuellement  expliquer  la  diffirence  que  vous  avez  observie  entre  les  courbes  de  tempirature  et  les  courbes  de 
concentration? 

Author’s  Reply 

Yes  the  calculation  has  been  done  in  planes  perpendicular  to  the  main  flow.  There  were  vortices  outside  of  the  jet. 
1  agree  that  the  effect  of  those  vortices  could  change  the  dissipation  rate  and  could  explain  the  results  which  were 
obtained. 
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RESUME  - 

Un  foyer  cubulaire,  A  I'eotr£a  duqual  das  gaz  frais  (hydrocarbure-air)  aC  das  gaz  brOlds  sonc 
mdlangds  rapideoant  da  faqon  A  sloular  una  conbuscion  sCabilisAa  par  recirculation  da  gaz  brOlAs,  est 
uCilisA  pour  : 

-  vaiider,  dans  das  conditions  reprAsenCativas  das  foyers,  das  schAmaa  cinAtiquas  da  la  combustion 
das  hydrocarbures  proposAs  par  d'autres  auteurs, 

-  Atudier  las  interactions  antra  turbulence  themique  at  taux  da  production  chinique. 

Las  rAsultats  obtenus  prAcAdemoant  ayant  montrA  ; 

-  qua  1' influence  da  la  turbulence  sur  las  taux  da  production  chimiqua  peut  Atre  nAgligAe  an 
premiAra  approximation, 

-  qua  I'Acoulement  paut  Atra  considArA  comma  quaai-sx)nodimansionnal  au  voisinaga  da  I’axe, 

las  profile  das  fractions  molalres  masurAas  sonc  ucilisAs  pour  tester  las  modAles  cinAtiquas  proposAs 
pour  la  combustion  du  propane.  II  apparatt  principalamant  qua,  si  las  modAlas  las  plus  rAcants 
prAdisent  correccement  la  premiAra  phase  da  la  combustion,  ils  surestimenC  las  vitesses  da  rAaction  an 
fin  da  combustion,  tout  au  moins  dans  la  cas  d'un  mAlange  propana-air-gaz  brUlAs. 

Par  ailleurs,  on  a  constatA  qua,  comma  la  prAvoic  la  thAorle,  la  combustion  augmenCe  1 'amplitude 
das  fluctuations  da  CampAraCure  prAsantas  dans  la  mAlange  initial. 


1.  INTRODUCTION  - 

Dana  la  zone  primaire  das  foyers  da  CurborAacceurs,  la  combustion  est  stsbilisAe  par  recirculation 
da  gaz  brOlAs  dans  las  gaz  frais.  Las  phAnomAnea  AlAmentairea  qui  contr81ent  ce  processus,  at  par 
consAquanC  la  modAlisation  qui  doit  an  Atra  faite,  dApandent  fondamental ament  das  valaurs  relatives  du 
tamps  caracCAristiqua  das  rAactions  da  combustion  d'una  part,  at  du  tempt  caractAristique  du  mAlange 
encre  gaz  frais  et  gaz  brfllAs  d'autre  part.  Si  le  mAlange  est  trAs  rapida  par  rapport  A  la  combustion, 
le  processus  est  contrSlA  par  la  cinAtique  chimiqua,  les  rAactions  t'effectuant  au  sein  d'une  "zone  de 
combustion  distribuAe"  (suivant  la  Cerminologie  proposAe  par  LIBBY  et  WILLIAMS  /I/).  Dans  le  cas 
contra! re,  le  processus  est  contrSlA  par  la  dynamique  da  I'Acoulement  et  ses  interactions  avec  des 
fronts  de  flamme  minces.  Dans  la  pratique  il  est  probable  qua  les  deux  cas  existent  suivant  les 
diffArentes  parties  de  la  zone  primaire  et  suivant  les  rAgimes  tV.  fonctionnement  du  moteur,  et  qu'il 
exista  aussi  des  situations  intarmAdiaires . 

Au  Laboratoire  d'EnergAtique  et  de  DAconiqut  de  I'E.N.S.H.A. ,  ces  deux  cas  limites  sont  AtudiAs, 
raspeccivemcnt  : 

a)  dans  un  foyer  tubulairc  A  I'entrAe  duquel  gaz  frais  et  gaz  brQIAs  sont  mAlangAs  de  faqon 
intense  :  les  principaux  rAsultats  obtenus  A  ce  jour  dsns  le  cadre  de  cette  premiAre  Atude  sont  rAsumAs 
ici  i 

b)  dans  una  expArience  de  combustion  an  couchc  limitc  avec  injection  pariAtale  de  gaz  frais  dans 
un  Acoulemant  de  gaz  brQIAs  :  les  premiers  rAsultats  de  cette  teconde  Atude  ont  AtA  prAsentAs  par 
ailleurs,  an  particulier  dans  la  rAfArence  2. 

Le  foyer  tubulaire  est  done  principalement  destinA  A  foumir  des  donnAes  expArimentales  sur  la 
cinAtique  de  la  combustion  d'un  mAlange  Lydrocarbure-air-gaz  brOlAs,  afin  de  permettre  de  tester  divers 
modAles  cinAtiquas  dans  das  conditions  da  composition  plus  reprAsentatives  des  foyers  de  turborAacteur 
qua  lorsque  les  rAactifs  soot  diluAs  dans  un  gaz  inerte.  Par  ailleurs,  le  mAlange  entre  gaz  frais  et 
gaz  brQIAs  Atant  turbulent,  ce  foyer  tubulaire  permet  aussi  d' Atudier  certains  aspects  des  interactions 
entre  turbulence  et  rAactions  chimiques. 


2.  DISPOSIIIF  EXPERIMENTAL  - 

Le  foyer  tubulaire  a  AtA  conqu  en  collaboration  avec  la  SNECHA,  de  fa$on  qua  deux  flux  de  gaz 
frais  et  de  gaz  brQIAs  soient  mAlangAs  an  un  temps  court  par  rapport  au  temps  da  rAaction  du  mAlange 
rAsultant,  qui  est  en  conditions  d'suto-inf laosation.  II  est  constituA  (fig.  1)  : 

'  d'une  chambra  da  prAcombustion  oQ  las  gaz  brQIAs  sont  produits  A  psrtir  d'un  mAlange  propane-air 
da  richassa  A  , 

-  d'un  iftlangeur  qui  est  travarsA  par  lea  gaz  chauds  grtce  A  100  orifices  disposAs  suivant  une 
grille  de  maille  carrAe  da  cStA  1  cm,  at  qui  injacte  las  gaz  frais  de  richesse  ^2  P*t  injectaurs 
intercalAa  entre  las  trous  prAcAdants, 

-  d'una  veine  d'azpArience  da  aaction  carrAe  10  cm  x  10  cm  at  de  longueur  1  m. 

Les  parois  de  la  chambra  de  prAcombustion  et  la  mAlange  sont  refroidias  par  circulation  d'eau, 
mais  les  parois  de  la  veine  d'expArianca  sont  constituAas  de  panneaux  an  fibres  rAfractelras  non 
rafroldis,  maintanus  par  un  f'^urraau  en  acier  Inoxydable. 

Pour  un  dAbit  total  donnA  t,  il  est  possible  da  stabiliser  une  zona  de  combustion  t  une  distance 
donnAa  an  aval  du  mAlangeur,  en  ajustant  la  tsmpAratura  da  mAlange  par  1 ' intatmAdiaire  de  la 


richesse  $  et  du  rapport  R  ■  A  /A^  debits  chaud  ec  froid  la  position  de  cette  zone  de 

combustion  est  trSs  sensible  aux  vaFiacions  de  ces  deux  param^tres,  qui  doivent  £tre  controles  avec  une 
precision  de  I'ordre  de  IZ, 

Des  conditions  d' experience  typiques  pour  la  combustion  de  propane  sont  : 

p  ■  1  atm  0  •  1  R  «  1 .56 

A  -  300  g/s  0-7 

Dans  ces  conditions  la  temperature  de  melange  est  d'environ  1200  K,  et  le  debut  des  reactions 
exothermiques  se  situe  R  environ  20  cm  en  aval  du  meiangeur,  le  deiai  d* inflammation  augmentant 
sensiblement  avec  la  richesse  0.,  Cette  dernidre  caracteristique  entraine  la  limitation  de  ^ 
environ  0,7  :  au-dell  de  cette  valeur  il  faudrait  augmenter  plus  que  ne  le  permet  la  technologie 
du  meiangeur. 

3.  METHODES  DE  DIAGNOSTIC  - 

Les  fractions  molaires  des  principales  especes  stables  sont  mesurees  par  preievement,  R  I'aide  de 
sondes  en  acier  inoxydable  refroidies  par  circulation  d*eau,  d*echantlllon8  qui  sont  ensuite  analyses  H 
I'aide  de  chromatographes. 

La  vicesse  d'ecoulement  est  mesuree  d  I'aide  d'une  chaine  de  veiocimetrie  laser  reliie  ^  un 
systems  de  traitement  de  donnees,  I'ecoulement  etant  ensemence  en  particules  de  zircone  de  diametre 
moyen  2  \m. 

La  temperature  moyenne  de  I'ecoulement  est  mesuree  ^  I'aide  de  thermocouples  chromel-aliunel  ou 
platine-platine  rhodie  (proteges  des  effets  catalytiques)  realises  en  fils  de  diametre  0,2  mm.  On 
procSde  ^  la  correction  de  I'effet  du  rayonnement. 

Les  fluctuations  de  temperature  sont  mesurees  de  deux  fa^ons  : 

-  soit  R  I'aide  de  thermocouples  chromel-alumel  ou  platine-platine  rhodie  realises  en  fils  de 
diametre  25  ym  soudes  bout  R  bout,  avec  compensation  numerique  de  la  constante  de  temps  mesuree  par 
surchauffage  eiectrique  /3/  ou  determinee  par  caloul  direct,  ou  avec  determination  de  la  moyenne 
quadratique  par  integration  du  spectre  energetique  /4/  ; 

-  soit  par  la  methode  de  pyrometrie  infrarouge  d'emission-absorption,  developpee  d  I'ONERA  par 
CHARPENEL  /5/,  et  qui  permet  de  determiner  la  moyenne  quadratique  des  fluctuations  de  temperature  dans 
le  cas  d'un  milieu  statistiquement  homogene  le  long  du  chemin  optique  de  mesure. 

Les  deux  methodes  sont  compiementaires  : 

>  la  premiere  foumit  une  mesure  ponctuelle  mais  avec  une  rdponse  en  frequence, 

>  la  seconde  a  une  bande  passante  etendue  mais  ne  foumit  qu'une  mesure  integree  :  elle  permet 
cependant  de  connattre  la  moyenne  quadratique  des  fluctuations  locales  si  I'on  determine  en  meme  temps 
I'echelle  Integrale  de  turbulence  /5/. 

4.  PROPRIETES  CARACTERtSTlQUES  DE  lA  COMBUSTION  DANS  LE  FOYER  TUBULAlRE  - 

4.1  -  Etat  d'avancement  du  melange  avant  combustion  - 

Afin  de  verifier  que  le  foyer  tubulaire  fonctionne  bien  conformeneat  d  I'objectif  fixl, 
c'esc-d'*dire  avec  uoe  combustion  contrdlRe  par  la  cinetique  chimique,  nous  avons  mesure  les 
fluctuations  de  temperature  A  x  «  15  cm  en  aval  du  meiangeur,  dans  les  conditions  de  fonctionnement 
precedemoent  citees  (f  2).  La  question  etait  de  savoir  si  A  cette  distance  le  melange  est  devenu 
quasi'hooogeoe  (fonctlon  densite  de  probabilite  de  la  temperature  quasi-gaussienne)  ou  s'il  est 
constitue  de  paquets  accoies  de  gas  frais  et  de  gaz  brdies  (fonction  densite  de  probabilite  bimodale). 

Par  analyse  spectrale  des  signaux  deiivres  par  les  thermocouples  fins,  sans  et  avec  compensation, 
on  a  determine  dans  quelles  lioites  la  methode  permet  de  dltecter  une  succession  de  paquets  de  gaz 
frais  et  de  gaz  brCies,  en  fonction  de  la  taille  moyenne  de  ces  paquets,  de  la  dispersion  de  cette 
taille,  et  de  I'ecart  de  temperature  entre  les  paquets  /3/.  C'est  ainsi,  par  example,  que  pour  un 
ecoulemenC  d  130  m/s,  des  paquets  de  taille  caracteristique  moyenne  de  8  ms,  avec  une  difference  de 
temperature  de  1200  K  sont  detectds  meme  avec  une  dispersion  en  taille  de  I'ordre  de  lOOZ.  On  a  aussi 
verifie  que  les  spectres  d'energie  des  signaux  obtenus  par  les  deux  methodes  sont  compatibles,  ce  qui 
peraiet  d'extrapoler  la  decroiasance  du  spectre  du  signal  deiivre  par  les  thermocouples  au^delA  de  la 
limitation  due  au  bruit  et  d'en  dAduire  par  integration  I'energie  cotale  contenue  en  dehors  du  bruit 
/4/. 

Les  deux  methodes  onC  conduit,  avec  un  accord  R  20Z  prAs,  R  un  ecart  quadratique  moyen  de  40  K 
pour  «  1200  K,  qui  caracterlse  un  melange  quasi-honogRne.  Dans  ces  conditions,  le  modRle 

monodimenslonnel  de  combustion  turbulence  developpe  par  CHAMPION  /6,  7,  8/  montre  que  I'influence  dcs 
fluctuations  de  temperature  aur  lee  teux  de  production  chimique  peut  Rtre  n€glige  en  premiRre 
approximation,  et  que,  pour  la  confrontation  avec  les  modRles  cinetiques,  I'ecoulement  peut  ttre 
consldere  comne  laminaire. 

4.2  -  Influence  Aventuelle  des  effets  bidimtnslonnela  - 

Pour  utiliser  la  proprietA  precedence,  11  imporCeic  de  plua  de  s'aasurcr  que  I'Acoulement  peut 
Itre  considAre  coame  monodioenaionnel,  eu  owina  sur  I'axe  de  le  veine  d'expArience.  En  effet  le 
ceractRre  ediabatique  des  parols  de  cette  derniRre  provoquc  une  inflammation  plus  prAcoca  dans  las 
couchts  limitas  que  sur  I'exe,  et  11  peut  an  rAsulCcr  das  affets  bidimans ionnels  imporcents. 

On  e  done  procAdA  R  une  Atude  expArimentele  dAteillAe  da  I'AcouIement,  et  confrontA  let  rAsulcats 
obtenus  avec  les  prAdlctions  foumics  par  un  modRla  bidimensionnal  da  typa  oO  la  coiAustLon  ast 

reprAsantAa  par  una  seula  rAaction  globale  /4/.  11  ast  d'abord  apparu  que,  pour  ootenir  une 
reprAaentecion  satiafaisanta,  il  fallaic  faire  prAcAder  cette  rAaction  globala  par  un  dAlai 
quesi-isotharma,  qui  a  AtA  dAduit  de  I'cxpArience.  Le  coaperaison  da  la  raprAsantation  foumit  par  ca 
modRle  bidiswnsionnel ,  avec  celle  foumit  par  un  modRla  monodimans ionnel  comporcenc  le  mtet  schAma 
cinAtique,  a  montrA  que  lea  profile  de  tempAratura  moyanna  ainsi  dAtarminAs  cotncldant  stuf  au 
voisinaga  de  la  sortie  du  foyer  (x  >  90  cm)  • 


4.3  -  ConcluaioDS  pour  1 ' interpritatlon  des  rfsultata  exp^riaentaux  - 

L'enseoble  de  ces  travaux  prdlimiaalres  a  done  prouvC  qua  la  foyer  tubulaire  peuC  dcre  ucllisd 
pour  tester  deg  modiles  cindtlques  en  considdrant,  an  preoiSre  approximation  au  moins,  que  i'Scoulement 
eat  oonodimensionnel  at  laminaire  sur  I'axe.  II  convient  toutefois  de  noter  que  la  confrontation  ne 
permet  pas  de  valider  avec  exactitude  la  reprdsentation  de  la  phase  d' inf lammation  dans  la  mesure  oQ, 
dans  I'expdrience,  une  partie  de  cette  phase  s'effectue  pendant  le  melange  entre  gaz  brfllds  et  gaz 
frais. 

Par  ailleurs  I'dtude  de  I'dvolution  des  fluctuations  de  temperature  doit  permettre  de  verifier  les 
effets  des  interactions  avec  la  combustion  prddites  par  le  modble  de  combustion  turbulente. 

5.  T8AVAUX  SUR  LA  CINETIQUE  DES  REACTIONS  DE  COMBUSTION  EW  MELANGE  HYDROCARBURE-AIR-GAZ  BRULES  - 

Leg  experiences  ont  pour  I 'instant  ete  limitees  aux  hydrocarbures  gazeux  (propane,  ethylSne)  dont 
les  schemas  reactionnels  detaillds  sont  encore  loin  d'etre  bien  connus  malgre  les  progrSs  en  cours  /9, 
10,  11,  12/.  (k>mpte  tenu  du  fait  que  la  phase  d'oxydation  de  I'ethylSne  (egpdce  intermediaire 

hydrocarbonde  la  plus  importante  dans  la  combustion  des  hydrocarbures  plus  lourds)  paraft  la  phase  la 
moins  bien  connue,  nous  avons  aussi  proedde  S  des  experiences  de  combustion  de  propane  additionne 
d'ethylbne,  de  fa;on  A  permettre  de  tester  la  prise  en  compte  de  la  concentration  en  dthylAne  dans  les 
schemas  proposes. 

5.1  -  Rdsultats  experimentaux  - 

Sur  les  figures  2  A  6  sont  reprAsentes  des  exemples  de  profils  de  la  temperature  et  des  fractions 
molaires  mesurees  sur  I'axe  dans  le  cas  de  la  combustion  respectivement  : 

-  du  propane  pur  (fig.  2) 

-  de  I'ethylAne  pur  (fig.  3) 

-  des  melanges  :  951  CjHg  +  5  X 

90Z  CjHg  +  101  (fig.  5) 

802  CjHg  ♦  202  (fig.  6). 

On  remarque  en  particulier  que  dans  le  cas  du  propane  le  profil  de  la  concentration  en  CO  est 
assez  aplati,  alors  que  dans  le  cas  de  I'ethylAne  il  prAsente  un  maximum  plus  accentuA,  correspondant  A 
une  formation  et  une  consommation  retardAes  mais  plus  rapides. 

Far  ailleurs  on  constate  que  I'addition  d'AthylAne  au  propane  accAlAre  la  formation  d'AthylAne  et 
de  methane,  et  donne  au  profil  de  concentration  de  CO  une  allure  plus  proche  du  cas  de  I'ethylAne  pur 
que  du  cas  du  propane  pur. 

5.2  -  Comparaison  avec  lee  schemas  cinAtiques  - 

3.2.1  -  On  trouvera  dans  la  couamnicat ion  de  CATHONNET  et  al.  A  ce  mAme  Symposium  /13/  un 
example  d 'utilisation  de  nos  rAsultats  pour  la  mise  au  point  d'un  schAma  cinAtique  dAtaillA  de  la 
combustion  du  propane.  L'intArAt  de  la  mise  au  point  de  tels  mAcanlsmes  est  fondamental  et  peut 
conduire  A  I'Alaboration  de  schemas  simplifies  A  partir  de  la  definition  des  principales  Atapes 
rAactionnelles.  Mais  leur  application  directe  paratt  limitAe  aux  modAles  de  chambre  de  combustion 
constituAs  par  I’assemblage  de  foyers  homogAnes  /14/.  Si  I'on  souhaite  mettre  au  point  des  modAles  bi- 
ou  tri-dimensionnels,  il  faudra  bien  recourir  A  des  schemas  simplifies,  et,  si  I'on  souhaite  prAvoir 
par  example  I'Amission  de  (X)  ou  les  limites  de  stabilitA  en  fonction  de  la  rlchesse,  on  ne  pourra  se 
limiter  A  I'utilisation  d'une  seule  reaction  globale. 

Lea  travaux  de  CATHONSET  et  al.  /1 3/  montrent  qu'il  est  dAjA  possible  de  reprAsenter  correctement 
le  debut  de  la  combustion  mais  que  les  calculs  ont  tendance  A  surestimer  les  vitesses  de  reaction  en 
fin  de  combustion. 

5.2.2  -  Nous  avons  par  ailleurs  entrepris  de  confronter  nos  rAsultats  avec  des  schemas 
simplifies  proposAs  par  d'autres  auteurs.  Nous  avons  dAjA  montrA  /3/  que  les  schemas  "quasi-globaux" 
(qui  comporte  une  seule  reaction  globale  pour  la  formation  de  CO  et  H,,  A  laquelle  sont  asaociCes  les 
reactions  AlAmentaires  intervenant  dans  I'oxydation  de  CO  et  H,  en  CO,  et  H,0  /15,  16,  17/)  ne 
permettent  pas  de  reprAsenter  une  phase  de  dAlai  quasi-iaothenw  dont  ^a  longueur  crott  avec  la 
rlchesse.  Far  contre  le  modAle  A  4  reactions  de  BAUTMAN  et  al,  /18/  nous  a  paru  particuliArement 
intAressant,  dans  la  mesure  oh  il  comporte  2  reactions  pour  la  formation  de  CO  et  H2,  Rappelons  que 
ce  schAma  (valable  pour  d'autres  hydrocarbures  aliphatiques)  s'Acrit  : 


CjHg  -►  3/2  (R,) 
‘^2*4  *  °2  2  CO  ♦  2  Hj  (Rj) 
CO  +  1/2  O2+  COj  (R3) 
Hj  +  1/2  Oj-t  HjO  (R4) 


oO  I'ethylAne  raprAsente  en  rAalitA  das  olAfines  intarmedlaires  (principalemant  AthylAne  et  propAne). 

Salon  les  auteurs,  les  taux  de  production  chimique  respcctifs  de  chacune  de  ces  reactions 
s'Acrivsnt  : 


d^CgHg) 

~3t  1 


X,  -E,/RT 
10  a  ‘ 


(02)*’’  (CjHg)'' 


dlCjH^ 
"Tt  2 


X,  -E,/RT 
10  ^  e 


IM 

dt  3 


10 


-E3/RT 


(co) 


(0  )  ^  {h  0)  ^  X  S 
2  2 


10 


-E4/RT 


avec  les  paramdtres  cl-dessous  : 


X 

E 

a 

b 

c 

"l 

17.32  ♦  0.88 

49600*  2400 

0.5  +  0.02 

1.07  +  0.05 

0.4  ♦  0.03 

‘'2 

14.70  +  2.00 

50000+  5000 

0.9  +  0.08 

1.18  ♦  0.1 

-0.37+  0.04 

14.60  +  2.50 

40000+  1200 

1.0 

0.25 

0.50 

“4 

13.52  ♦  2.2 

41000+  6400 

0.85+  0.16 

1.42  +  0.11 

-0.56+  0.2 

eC  :  S  “  7.93  exp  (-  2.48  (^  )  (0  :  richeaae  initiale) 

et  la  condition  S  <  1.  ^ 


On  retnarque  que,  dans  1 'Elaboration  de  ce  schEma,  lea  auteurs  ont  EtE  conduits  E  adopter  dea 
exposants  C2  et  c.  nEgatifa,  et  qu'en  consEquence  lea  viteaaea  dea  rEactions  et  vont 
crottre  trSs  rapidetoent  lorsque  les  concentrations  en  C  Hg  et  ^2^4  reapectivement  tendre 
vers  zEro. 

Ceci  permet  une  reprEaentation  aatiafaiaante  de  la  phase  initiale  de  la  coobustion  (su  beaoin  en 
ajuatant  lea  valeurs  dea  divers  paraisEtrea)  oaia  pas  de  la  phase  finale.  A  titre  d'exemples,  nous 
donnons  lea  rEaultata  dea  confrontations  entre  noa  expEriences  et  les  calculs  effectuEs  pour  le  propane 
pur  (fig«  7)  eC  les  oElanges  E  5  Z  (fig*  8)  et  20  X  (fig.  9)  d'EthylEne^  avec  lea  valeurs  suivantes  dea 
parajoEtrea  du  achEma  (en  regroupant  les  alcanea  avec  le  propane  et  les  autres  hydrocarburea  avec 
I’EthylEne)  : 


X 

E 

a 

b 

C 

‘'l 

16.40 

47200 

0.5 

1.07 

0.4 

■'2 

14.80 

55000 

0.82 

1. 18 

-0.41 

R3 

14.00 

41200 

1.0 

0.2s 

0.5 

“4 

14.60 

46000 

0.93 

1.42 

-0.56 

La  fin  des  rEactions  apparatt  Crop  rapide  et  cette  mEme  tendance  se  isanlfeste  dans  certains 
rEsultats  prEsentEs  par  les  auteurs  eux*-fflEaie8. 

Par  ailleurs,  le  caractEre  "raide"  de  ce  syatEae  d'Equations  peut  entratner  des  difficultEs 
d' intEgration  nuoErique  lore  de  son  utilisation  pour  la  oodElisation  d'Ecoulenents  rEactifs. 

C'est  pourquol  nous  avons  cherc  *^'11  Etait  possible  d'apporter  des  aoEnagements  E  ce  schEma  afin 
d'Eviter  les  inconvEnients  ci^dessu.  -^nlEre  gEnErale  les  taux  de  production  chiailque  proposEs 
par  les  auteurs  sont  exprimEs  en  fon  'ncentrations  des  rEactifs,  avec  un  facteur  correctif 
introduit  pour  tenir  compte  du  fait  qu'ii  ».  it  paa  de  rEactiona  ElEoientairea,  et  pour  reprEsenter 
certaines  tendances  du  mEcanisme  rEel  :  ils  ont  EtE  conduits  E  expriioer  ce  facteur  correctif  en 
fonction  de  la  concentration  d'une  troislEme  espEce  intervenant  dans  le  schEma.  CoBq>te  tenu  des  etpEces 
choisies,  un  exposant  nEgatif  est  apparu  pour  2  des  4  rEactions. 

Nous  avons  pensE  qu'une  autre  vole  de  recherche  poseible  consiste  E  exprioier  ce  facteur  correctif 
en  fonction  d'une  grandeur  caractErisant  la  "rEactivltE"  du  sElange  E  chaque  Instant.  A  dEfaut  de 
prendre  en  conpte  les  espEces  radicalaires,  qui  n'apparaissenc  pas  dans  le  schEna,  ^une  solution 
pourrait  Etre  de  choisir  la  concentration  en  CO  fonoE  depuls  I'instant  initial,  notE  CO  ,  afin  de  le 
distinguer  du  CO  prEeent  initialenent  dans  le  cas  d'un  aElange  conportant  des  gas  brOlEs. 

Une  tentative  pour  reprEeentcr  nos  propras  rEsultats  expEriaentaux  (linitEs,  rappelons-lc,  E  des 
aElangea  pauvres)  a  conduit  aux  rEsultats  qui  apparaisscnt  sur  les  figures  10  et  II,  et  qui  ont  EtE 
obcenua  avec  le  schEaa  suivant  : 


CjHg  -  3/2 

C,H,  +0,  2  CO*  ♦  2  H, 

2  4  2  2 

CO  ■*■  1/2  O2  -»■  CO2 

CO*  ♦  1/2  Oj  COj 

“2  ♦  1/2  0^  H^O 


dlCjHg) 

dt 


10 


-Ej/RT 


'■^2' 

(R3) 

(R’) 

(R4) 


dt  2' 


-x'  -e:/rt 

10  e 


(CO*) 


dfco’*] 

dt 

dlHj) 

dt 

oO  les  paratnStres 


3 


3' 


4 

one 


-x^  **E,/RT  a-j 

-  -  10  ^  e  ^  (Co)  ^ 


-X,  -E,/RT  i. 

-  10  ^  e  ^  (CO*)  ^ 


'X,  -E,/RT  a, 
-  10  "  e  "  (H.) 


lea  valeurs  ci^deasous  : 


(o^]''  (CO*) 

(0,)“^  (co*)*^^ 

(0,)'^  (CO*)'* 


X 

E 

a 

b 

c 

19.80 

40000 

1.5 

1.07 

0 

31.65 

60000 

2 

1.18 

1 

R3 

Bt  Rj 

14.45 

39000 

1 

0.25 

0.5 

"4 

20.80 

40000 

1 

1.42 

0.3 

On  constate  que  la  representation  est  relativenent  satlsfaisante,  et  les  Inconvinients  lies  aux 
exposants  ndgatlfs  ont  evldenment  disparu.  Cette  approche  paratt  done  possible,  nais  il  reste  encore  R 
la  confronter  aux  rfisultats  expdriiiieataux  obtenus  dans  des  conditions  diffdrentes,  notamnent  en  melange 
riche  et  &  pression  supdrieure  R  la  pression  atmosphdrique. 


6.  TRAVAUX  COHCERMANT  LES  INTERACTIONS  TURBULEHCE-COMBUSTIOS  - 

Le  modRle  de  combustion  turbulente  en  dcoulement  monodioensionnel  ddveloppe  par  CHAMPION  /6,  7,  8/ 
montre  que  les  fluctuations  de  tempdrature  prdsentes  dans  le  mdlange  initial  sont  amplifides  par  les 
reactions.  Nous  avons  proeddd  R  des  mesuret  de  fluctuations  de  tempdrature  R  I'aide  de  thermocouples 
fins  R  constants  de  temps  compsnsde.  Les  rdsultats  obtenus  R  diverses  abscisses  x  en  aval  du  mdlangeur 
pour  1^2  *  0,6  sont  rdaumdes  dans  la  tableau  ci-desaous  ; 


X  (cm) 

15 

45 

75 

90 

(K) 

45 

96 

73 

59 

On  constate  bien  1' augmentation  de  I'dcart  quadratique  moyen  des  fluctuations  dans  la  rdgion  des 
reactions  exothermiques,  suivie  de  I'anortissanent  de  ces  fluctuations.  Ces  rdsultats  ne  peuvent  pour 
I'instant  constituer  qu'une  verification  qualitative  des  predictions  du  modRle  de  combustion 
turbulente,  qui  a  dtd  ddvcloppd  avec  un  achCsu  de  type  quasi-global  pour  reprdsenter  la  cindtique 
chimique,  et  done  mal  adaptd  au  cas  considdrd. 


7.  CONCLUSIONS  - 


Las  rdsultats  obtenus  avec  le  foyer  tubulaira,  dent  das  conditions  cindtiques  qui  simulant  la 
stabilisation  de  la  combustion  par  recirculation  da  gas  brOlds,  constituent  principalament  une 
contribution  R  la  validation  expdrimantale  das  schdmas  rdactionnals  da  la  combustion  das  hydrocarburas 


gazeux.  Ils  complacent  les  r^sulcats  obtenus  par  d'autres  auteurs  et  permeccent  de  voir  si  les  schemas 
cinStiques  proposes  peuvent  correctemenc  prendre  en  compte  la  presence  de  gaz  brfll^s  en  proportion 
importance  dans  le  melange  avanc  reaction.  Ces  gaz  brQl^s  ne  peuvent  en  effet  €tre  assimiles  d  un  gaz 
inerte  : 

-  ni  pour  determiner  les  vitesses  des  reactions  globales  des  schemas  simplifies,  car  leur  presence 
favorise  dans  la  realite  les  reactions  inverses  (I  la  difference  d'un  gaz  inerte  qui  ne  fait  que  diluer 
les  reactif s) , 

ni  dans  la  mise  au  point  de  schemas  detailies,  oii  les  vitesses  de  reactions  de  recombinaison  en 
presence  d’un  troisieme  corps  ne  sont  pas  les  semes  selon  que  ce  dernier  est  de  I'azote  ou  un 
constituant  des  gaz  brCies. 

£n  ce  qui  concerne  les  schemas  simplifies,  celui  I  4  reactions  propose  par  HAUIMAN  et  al.  /16/ 
parait,  sous  reserve  de  certains  amenagements  comme  celui  que  nous  proposons  ici,  permettre  une 
representation  satisf aisante  de  I'evolution  de  7  especes  et  de  la  temperature,  et  peut  etre  trls  utile 
pour  le  developpement  de  modeies  de  foyers. 

Par  ailleurs  le  foyer  Cubulaire  permet  de  tester  des  modeies  de  combustion  turbulence  dans  le  cas 
d'un  ecoulement  de  configuration  simple,  oCk  la  cinecique  chimique  doit  Itre  representee  de  faqon 
realiste.  Nous  avons  ainsi  pu  verifier  qu’au  sein  d’une  zone  de  combustion  distrlbuee  les  fluctuations 
iniciales  de  temperature  sont  amplifiees  par  les  reactions  chimiques. 
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DISCUSSION 


R. Monti,  It 

How  are  your  conclusions  affected  by  the  initial  temperature  distribution  due  to  the  cooled  walls  of  the  pre¬ 
combustor  chamber? 

Riponse  d' Auteur 

Nous  avons  faits  des  mesures  transversales  de  temperature.  La  principale  difficulte  vient  d’une  inflammation  plus 
rapide  dans  les  couches  limites,  ce  qui  donne  tres  rapidement  un  profit  de  temperature  avec  des  temperatures  plus 
eievees  pres  des  parois,  a  tel  point  que  les  corrections  de  rayonnement  sur  les  thermocouples  sont  faites  en  sens 
inverse  de  ce  qui  est  habituel,  car  ce  sont  les  parois  qui  rayonnent  vers  les  thermocouples. 


EVALUATION  OF  MULTI-DIMENSIONAL  FLUX  MODELS  FOR  RADIATIVE 
TRANSFER  IN  COMBUSTION  CHAMBERS:  A  REVIEW 

'  / 


'  In  recent  years,  flux  methods  have  been  widely  employed  as  alternative,  albeit  intrin¬ 
sically  less  accurate,  procedures  to  the  zone  or  Monte-Carlo  methods  in  complete  pre¬ 
diction  procedures.  Flux  models  of  radiation  fields  take  the  form  of  partial  differ¬ 
ential  equations,  which  can  conveniently  and  economically  be  solved  simultaneously 
with  the  equations  representing  flow  and  reaction.  The  flux  models  are  usually  tested 
and  evaluated  from  the  point  of  view  of  predictive  accuracy  by  comparing  their  predic¬ 
tions  with  'exact*  values  produced  using  the  zone  or  Monte-Carlo  models.  In  the  pres¬ 
ent  paper,  evaluations  of  various  multi-dimensional  flux-type  models,  such  as  De  Marco 
and  Lockwood,  Discrete-Ordinate,  Schuster-Schwarzschild  and  moment,  are  reviewed  from 
the  points  of  view  of  both  accuracy  and  computational  economy.  ^_Six-flux  model  of 
Schuster-Schwarzschild  type  with  angular  subdivisions  related  to'  the  enclosure  geo¬ 
metry  is  recommended  for  incorporation  into  existing  procedures  for  complete  mathemat¬ 
ical  modelling  of  rectangular  combustion  chambers.  ^ 


Assoc. Prof .Dr.  Nevin  Selpuk 
Department  of  Chemical  Engineering 
Middle  East  Technical  University 
Ankara/Turkey 
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1 .  NOMENCLATURE 


A,B,C 
D1  to  DIO 

?b 

0^ 

1 

K 

L 

n 

N 

<’£ 

Q 

P 

s 

T 

x,y,z 


dimensionless  multiplying  coefficients  in  the  equations  for  the  six-flux  model 
dimensionless  multiplying  coefficients  in  the  generalised  flux-type  model  equations 
black-body  emissive  power  at  a  point  on  a  bounding  solid  surface  (W  m-^) 

black-body  emissive  power  at  a  point  within  the  enclosed  emitting-absorbing  medium  (W  m"*) 

total  intensity  of  incident  radiation  (W  m-') 

intensity  of  radiation  in  a  specified  direction  at  the  general  point  (W  m-‘  sr-’) 
volumetric  absorption  coefficient  of  the  enclosed  medium  (m-') 
sum  of  intensities  in  vertically  opposite  solid  angles  (W  m*^  sr-') 
unit  vector  normal  to  a  surface  (m) 

number  of  smaller  soUd  angles  into  which  the  total  solid  angle  of  An  sr  is  subdivided 

half-range  radiative  flux  density  in  positive  i  direction  (W  m"') 

half-range  radiative  flux  density  in  negative  c  direction  (W  m”') 

net  radiative  flux  density  in  c,  direction  (W  m-^) 

radiative  flux  vector  (W  m*') 

source  term  for  radiative  energy  (W  m"') 

position  vector  of  a  point  (m) 

quantity  occurring  in  equation  of  radiative  energy  transfer  (W  m*') 
absolute  temperature  at  a  point  in  the  enclosed  medium  (K) 
rectangular  cartesian  coordinates  (m) 


Greek  symbols 

c  total  hemispherical  emissivity  of  a  surface  point 
0  Stefan-Bol tzmann  constant 
m  magnitude  of  a  solid  angle  (sr) 

il  unit  vector  denoting  direction  in  which  intensity  is  considered  (m) 


Subscripts 

i  denotes  the  ith  smaller  solid  angle 
n  in  the  direction  of  the  normal  to  a  surface 

w  on  the  surface  of  a  bounding  wall 

x,y,z  in  the  directions  of  the  rectangular  coordinate  axes 
L  in  direction  c  =  x,y  or  z. 


Superscripts 

+  in  the  positive  direction 
in  the  negative  direction 


2.  INTRODUCTION 

Rapid  Increases  in  fuel  costs  over  the  past  decade  had  led  to  intensive  investigations  of  possible 
methods  of  increasing  the  overall  thermal  efficiency  of  combustion  chambers  by  modification  in  design  and/ 
or  mode  of  operation.  Such  modifications  can  cause  considerable  changes  in  the  temperature  and  heat  flux 
distributions  within  the  combustor.  Although  the  new  distributions  can  obviously  be  determined  by 
extensive  and  expensive  experimental  investigation  programmes,  it  is  more  economical  and  desirable  to  be 
able  to  predict  the  effects  of  modifications  in  design,  mode  of  operation  or  method  of  firing  by  using 
mathematical  models  of  the  combustion  chamber  behaviour.  Accurate  temperature  predictions  are  especially 
important  for  the  prediction  of  pollutant  emission  levels  since  the  chemical  kinetics  involved  are 
extremely  temperature  dependent. 

At  the  high  temperatures  encountered  in  most  furnaces  and  combustors,  thermal  radiation  is  the 
predominant  mechanism  of  heat  transfer.  Any  procedure  for  the  complete  prediction  of  furnace  or  combustor 
behaviour  must,  therefore,  utilise  a  realistic  approximate  mathematical  model  of  the  radiation  field. 
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From  the  point  of  view  of  mathematical  modelling,  any  furnace  or  combustor  may  be  visualised  as  an 
enclosure  containing  a  radiatively  emitting-absorbing-and  possibly  scattering  medium  which  is  in  motion, 
within  which  heat  is  being  released  as  a  result  of  chemical  reaction,  and  which  is  exchanging  thermal 
energy  with  all  solid  surfaces  with  which  it  is  in  contact. 

The  most  accurate  procedures  available  for  mathematical  modelling  of  radiation  fields  within 
enclosures  are  the  zone  1,2,3,  and  Monte-Carlo  4,5-  methods,  both  of  which  have  been  extensively 
developed  and  tested  3,6,7 (  for  enclosures  for  which  complete  knowledge  of  the  flow  and  concentration 
fields  was  available.  Utilising  this  information,  the  radiation  model  was  used  to  predict  temperature  and 
radiative  flux  density  distributions,  which  were  then  compared  with  measured  values. 

However,  these  radiation  models  have  not  been  used  as  part  of  a  complete  prediction  procedure.  One 
reason  for  this  is  that,  in  the  complete  prediction  procedure,  the  flow,  concentration  and  reaction  fields 
are  mathematically  modelled  by  simultaneous  partial  differential  equations.  The  equations  modelling  the 
radiation  field  are  not  differential  in  form,  and,  hence,  their  numerical  solution  in  conjunction  with  the 
differential  equations  is  neither  convenient  nor  simple.  In  addition,  the  arithmetical  labour  and  machine 
storage  capacity  required  by  these  radiation  models  puts  the  complete  modelling  procedure  utilising  them 
beyond  the  capacity  of  many  computers. 

In  order  to  overcome  these  disadvantages,  flux  methods  i8,9i  have  been  widely  employed  as  alternative, 
albeit  intrinsically  less  accurate,  procedures  to  the  zone  or  Monte-Carlo  methods  in  complete  prediction 
procedures.  Flux  models  of  radiation  fields  take  the  form  of  partial  differential  equations,  which  can 
conveniently  and  economically  be  solved  simultaneously  with  the  equations  representing  flow,  reaction  etc. 

Previous  multi-dimensional  evaluations  of  the  accuracy  of  flux  models  of  radiation  fields  have  taken 
the  following  form: 

The  flux  model  has  been  employed  as  part  of  a  complete  prediction  procedure  '8,9;,  and  predicted 
temperature  and  radiative  heat  flux  distributions  have  been  compared  with  experimentally  determined 
values  [8,9,10, 1 1 , 12 1 .  This  procedure  suffers  from  two  disadvantages;  discrepancies  between  predicted 
and  measured  values  may  be  partly  due  to  errors  in  the  experimentally  determined  data;  even  if  the 
experimentally  determined  data  is  correct,  it  is  impossible  to  decide  whether  discrepancies  in  the 
predicted  temperature  and  radiative  flux  distributions  are  attributable  directly  to  the  flux  model 
employed  or  to  inaccuracies  in  the  models  used  for  the  prediction  of  flow,  reaction  etc. 

More  recently,  the  above  disadvantages  of  previous  testings  of  flux  models  have  been  overcome  by 
testing  the  flux  model  in  isolation  from  the  modelling  of  other  physical  processes.  The  tests  have  been 
carried  out  by  using  a  prescribed  radiative  energy  source  term  distribution,  and  comparing  predicted 
temperature  and  radiative  heat  flux  distributions  with  values  predicted  utilising  the  zone  or  Monte-Carlo 
methods  13,14,15',.  However,  a  second  factor  of  considerable  importance  which  should  also  be  taken  into 
account  in  the  assessment  of  a  mode?  is  its  economy  of  prediction  in  terms  of  computer  time.  A  new  model 
which  produces  a  small  percentage  improvement  in  accuracy  at  the  expense  of  a  doubling  of  computer  time 
may  well  prove  to  be  unacceptable. 

In  this  paper,  a  brief  review  of  the  flux-type  models  is  presented  and  evaluations  of  previously 
proposed  and  tested  flux  models  113,15,16,17,  for  radiative  transfer  in  box-shaped  enclosures  are 
reviewed  from  tiie  points  of  view  of  both  accuracy  and  computational  economy. 


3.  EXACT  EQUATIONS  FOR  THE  RADIATION  FIELD  WITHIN  AN  ENCLOSURE 
Equations  for  the  Enclosed  Medium 

The  basis  of  all  flux  methods  for  the  solution  of  radiation  problems  is  the  equation  of  radiant  energy 
transfer.  For  an  emitting-absorbing  grey  medium  in  local  thermodynamic  equilibrium,  and  for  which  quasi¬ 
stationary  conditions  exist,  this  takes  the  form 


v.{f!l(?,n)l=  -K(?)I(?,fi)  ♦  Mil  G(?)  V  -L  S{?)  (1) 

4v  An 

where  I(r,si)  is  the  intensity  of  radiation  at  point  P(r)  and  in  a  direction  defined  by  unit  vector  ti,  and 
K(r)  is  the  volumetric  absorption  coefficient  of  the  medium.  S(?)  is  defined  by  the  relationship 


S(?)  =  K(f)  {4E^(?)  -  G(?))  (2) 

where  Ei.(r)  is  the  black-body  emissive  power  of  the  medium,  which  is  related  to  its  absolute  temperature 
T(f)  by^the  expression 

=  otT(?)}-  (3) 

where  a  is  the  Stefan-Botlzmann  constant.  G(r)  is  the  total  intensity  of  incident  radiation  at  point  P, 
which  is  obtained  by  angular  integration  of  intensity  over  the  total  solid  angle  of  An  steradians 
surrounding  the  point 


G(?) 


j  I(r,fi)dui 

4x 


(4) 


where  du  is  a  small  element  of  solid  angle. 
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Integration  of  equation  (1)  over  4ti  steradians  produces  an  equation  representing  a  balance  on  the 
radiant  energy  travelling  in  all  directions  through  the  point 


v.q(r)  =  S(r) 


(5) 


in  which  q(r)  is  the  radiative  flux  vector,  which  is  defined  by  the  integral 

q(r)  =  j  I'Kr.ilOdu  (6) 

4it 

Coupling  of  radiative  energy  transfer  to  the  transfers  by  other  mechanisms  occurs  in  the  enthalpy  balance, 
which  can  be  expressed  in  the  form 

v.q(?)  --  Q(r)  (7) 


where  0(n)  is  the  source  term  for  radiative  energy,  which  accounts  for  the  transfers  of  energy  by 
conduction,  convection  and  turbulent  diffusion,  and  the  liberation  of  energy  by  chemical  reaction. 

Elimination  of  v.q  between  Eqs.  (5)  and  (7)  establishes  the  identity  of  S  and  Q. 


S(r)  -  Q(r) 


(8) 


The  form  of  S(r)  to  be  used  for  calculation  purposes  depends  upon  the  initial  information  available  for  a 
particular  enclosure  problem;  if  the  distribution  of  Ek(P)  is  specified  in  advance,  then  S(f)  is  expressed 
in  terms  of  Ejj(f')  as  in  Eq.  (2);  alternatively,  Eq.  (8)  is  used  if  the  distribution  of  Q(f)  is  prespecified. 

The  relationship  between  the  radiative  energy  source  term  and  the  black-body  emissive  power  can  be 
found  by  equating  the  right-hand  sides  of  Eqs.  (2)  and  (8) 


0(?)  =  K(?){4Ejj(?)  -  G(?))  (9) 

Further  exact  equations  for  the  radiation  field  may  be  derived  by  subdividing  the  total  solid  angle 
surrounding  the  general  point  into  N  smaller  solid  angles  n..  If  equation  (1)  is  integrated  over  each 
smaller  solid  angle  in  turn,  the  following  N  additional  exact  equations  for  the  radiation  field  are 
obtained. 


! 


r 


^.(iiDldu. 


“i 


-K  Idw  +  -E  (KG  ♦  S),  i=  1  to  N 


where  is  the  magnitude  of  solid  angle  Gj . 

Radiation  Balances  at  Bounding  Solid  Surfaces 


(10) 


Complete  modelling  of  the  radiant  energy  exchanges  within  an  enclosure  requires  the  use  of  radiant 
energy  balances  at  all  interior  bounding  surfaces  in  addition  to  the  balances  within  the  enclosed  medium. 
If  the  surfaces  are  assumed  to  be  grey  diffuse  emitters  and  reflectors  of  radiation  for  which  the 
absorptivity  equals  the  emissivity,  the  radiant  energy  balance  for  surface  point  U(r  )  may  be  written  in 
the  form 


(rj  =  E(h,.,)eh(r J  +  {1-c(r„))  q„’(r^) 


(11) 


where  c  is  the  emissivity  and  e^  the  black-body  emissive  power  of  the  wall  point,  and  q  and  q*  are  the 
forward  and  backward  half-range“radiative  flux  densities  in  the  direction  of  the  unit  normal  vector  (1  from 
the  surface  point  into  the  enclosure.  Rp*  and  dp”  are  defined  by  the  angular  integrals 

9n  "  j  n.iil(r^^.ii)dw  (12) 
n.n>0 


(r„)  =  - 


n.nl(r^,(!)du) 


n.fi<0 


(13) 


The  net  flux  density  of  radiation  in  the  direction  of  hldpCc^)!  is  given  by  the  difference  of  the  half¬ 
range  values 


(14) 
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4.  FLUX  MODELS  FOR  THE  RADIATION  FIELD  WITHIN  A  COMBUSTION  CHAMBER 

Exact  modelling  of  a  radiation  field  would  involve  prediction  of  numerical  values  of  the  intensity  of 
radiation  in  every  direction  at  each  point  within  the  medium  and  on  the  interior  bounding  walls,  from  which 
exact  values  of  radiation  variables  could  be  calculated. 

The  aim  of  all  flux-type  models  of  radiation  fields  is  to  reduce  the  arithmetical  effort  involved  in 
producing  a  solution  by  predicting  only  a  finite  number  of  the  potentially  infinite  set  of  unknown 
intensity  and  radiative  flux  density  values.  The  smaller  the  number  of  values  in  the  finite  set,  the  more 
approximate  is  the  mathematical  model  of  the  actual  radiation  field.  The  final  choice  of  the  number  of 
values  in  the  finite  set  is  usually  a  compromise  between  accuracy  and  computing  effort. 

Flux  models  are  based  on  the  use  of  some  simplifying  assumption  for  the  angular  variation  of  intensity 
at  any  point.  The  mathematical  model  of  the  radiation  field  at  the  poiht  then  takes  the  form  of  a  set  of 
simultaneous  partial  differential  equations  with  respect  to  position  in  terms  of  the  unknown  parameters  in 
the  approximate  angular  representation  of  intensity  variation. 

A  number  of  different  flux-type  models  have  been  developed  for  approximate  mathematical  modelling  of 
radiation  fields  in  enclosures.  These  can  be  broadly  classified  as  shown  in  Figure  1. 


Figure  I.  Classification  of  flux  models. 


Schuster-Hamaker  Type  Models 

Models  of  this  type  utilise  the  simplest  and  least  accurate  representation  of  the  intensity  variation; 
plane  parallel  radiation  is  assumed  in  each  dimension  in  which  variation  of  the  radiation  parameters  occurs 
Two  differential  equations  are  produced  from  first  principles  for  each  dimension  by  carrying  out  radiative 
energy  balances  for  the  forward  and  backward  directions. 

A  four-flux  model  of  Schuster-Hamaker  type  for  axi-symmetrical  radiation  field  has  been  proposed  and 
employed  by  Gosman  and  Lockwood  [101  to  determine  the  radiative  behaviour  of  a  large-scale  experimental 
furnace.  More  recently,  Patankar  and  Spalding  [111  have  used  a  six-flux  model  of  the  same  type  as  a 
sub-model  for  radiation  field  in  the  complete  mathematical  modelling  of  a  gas  turbine  combustion  chamber. 
Later  on  the  results  of  the  complete  prediction  procedure  have  been  tested  by  comparison  with  experimental 
data  taken  on  Ijmuiden  furnace  |12|. 

Schuster-Schwarzschild  Type  Models 

The  basis  of  these  models  is  to  subdivide  the  total  solid  angle  surrounding  a  point  into  smaller  solid 
angles  in  each  of  which  intensity  is  assumed  to  be  uniform.  Discontinuous  changes  in  intensity,  therefore, 
occur  in  passing  from  one  smaller  solid  angle  to  any  adjacent  smaller  solid  angle.  Integration  of  the 
equation  of  radiant  energy  transfer  for  each  smaller  solid  angle,  in  turn,  produces  a  group  of  partial 
differential  equations  in  the  unknown  intensities. 

Alternative  four-flux  models  of  Schuster-Schwarzschild  type  for  axi-symmetrical  radiation  fields  have 
been  proposed  and  tested  by  various  research  workers  18,9,181.  A  six-flux  model  of  the  same  type  for  three 
dimensional  radiation  field  has  been  derived  and  tested  by  Siddall  and  Selcuk  |1S1. 

Discrete-Ordinate  Models 

Discrete-Ordinate  model  utilises  the  assumption  that  intensity  varies  in  a  continuous  but  unspecified 


manner  with  angular  direction  at  any  point.  The  total  solid  angle  surrounding  the  point  is  then  subdivided 
into  smaller  solid  angles  in  each  of  which  a  direction  for  the  intensity  is  specified.  Application  of 
equation  of  radiant  energy  transfer  into  each  direction  produces  differential  equations  in  terms  of  the 
unknown  intensities  in  the  specified  directions.  Any  angular  integral  of  the  intensity  at  a  point  may  be 
found  by  treating  the  subdivision  scheme  described  as  a  quadrature  scheme. 

A  six-term  Discrete-Ordinate  model  for  three-dimensional  radiation  field  has  been  derived  and  tested 
by  Selcuk  and  Siddall  117i. 

Moment  and  Spherical  Harmonic  Models 

With  these  models  the  intensity  is  assumed  to  vary  in  a  specified  continuous  manner  with  angular 
direction.  In  the  moment  model  the  intensity  in  any  direction  is  expressed  as  a  polynomial  series  in  the 
direction  cosines  of  the  same  direction  with  respect  to  the  coordinate  axes.  The  spherical  harmonic  model, 
which  is  a  particular  form  of  the  more  general  polynomial  moment  model,  is  based  on  expanding  the  intensity 
in  a  series  of  spherical  harmonics  of  the  polar  and  azimuthal  angular  coordinates  of  the  direction.  In  both 
models,  first  order  differential  equations-equal  in  number  to  the  number  of  terms  in  the  series-in  the 
unknown  multiplying  coefficients  of  the  terms  in  series  are  produced  by  multiplying  the  equation  of 
radiative  transfer  by  each  term  in  the  expression  of  intensity  in  turn  and  integrating  over  4*  steradians. 

A  moment  model  for  radiative  transfer  in  box-shaped  furnaces  has  been  derived  16  and  tested  against 
Monte-Carlo  predictions  jlS;.  Chou  and  Tien  119!  have  applied  the  moment  model  to  concentric  spheres  and 
cylinders  and  evaluated  its  accuracy  by  comparing  its  predictions  with  the  results  of  the  Monte-Carlo 
method. 

The  accuracy  of  spherical  harmonic  model  for  axi-symnetrical  radiation  fields  have  been  tested  by 
various  researchers  |19,20,21|  and  found  to  produce  more  satisfactory  results  in  comparison  with 
Schuster-Hamaker  type  models  |21|. 


4.  FLUX-TYPE  MODELS  TESTED 

The  six-flux  models  which  have  been  compared  are: 

a.  A  six-term  model  derived  by  De  Marco  and  Lockwood  113|,  using  a  combination  of  the  Schuster- 
Schwarzschi Id  and  Discrete  Ordinate  methods-Model  1. 

b.  A  six-term  moment  model  derived  by  Selcuk  and  Siddall  |16j-Hodel  2. 

c.  A  six-term  Discrete-Ordinate  model  derived  by  Selcuk  and  Siddall  117|-Model  3. 

d.  A  six-flux  model  of  Schuster-Schwarzschild  type  derived  by  Siddall  and  Selcuk  |15|,  utilising  six 
equal  subdivisions  of  the  total  solid  angle  surrounding  any  point  within  the  enclosures-Model  4. 

e.  A  six-flux  model  of  Schuster-Schwarzschild  type  derived  by  Siddall  and  Selcuk  (151,  utilising 
subdivisions  of  the  total  solid  angle  based  upon  the  geometry  of  the  enclosure  under  consideration 
Model  5. 

The  equations  representing  the  above-mentioned  flux-type  models  can  be  expressed  in  the  following 
common  forms  1 15,17 1 : 

The  Flux  Equations 


=  K^(OI),  {(02),L,  -(03),  L„„_,  -(04),  L 


The  Boundary  Equations 


C  nextt  t  remaining? 


2Kir 


(8L  /3c)  =  i  (D5)  {(D6),L,  +  (07),  L_„  ♦  (D8),  L, 

^  (2-e)  ^ 


2eK 


‘■next?  “remaining? 


?=  x,y,z 


E=  x,y.z 


(15) 


(16) 


where 


=  h  *  h 


?  =  x.y.z 


(17) 


In  Eqs.  (15)  and  (16),  the  sequence  to  be  followed  in  determining  "next  ?"  and  "remaining  ?"  is  x-*y,  y->^z, 
z->x,  so  that,  for  example,  in  the  flux  equation  for  the  y  direction,  ?=y,  "next  ?"  =  z,  and  "remaining  ?''=x. 
L  denotes  the  sum  of  intensities  in  vertically  opposite  solid  angles. 

Components  of  the  Radiative  Flux  Density  Vector 


x.y.z 


(18) 


where  q^  is  the  net  radiative  flux  density  in  ?  direction. 
The  Total  Incident  Flux  Density 

6-  I  (010)  L 
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The  values  of  the  coefficients  (Dl).,  (02)^,  _  ,  (DIO)^  for  the  models  considered  are  given  in 

Table  I.  - 

Table  t.  Values  of  coefficients  for  the  flux-type  models  tested. 


Model  1 

Model  2 

Model  3 

Model  4  and  5  15 

Coefficient 

(Oe  Marco  and  Lockwood) 

(Moment) 

(Discrete-Ordinate) 

(Schuster-Schwarzschild) 

(01).- 

1 

1 

1 

(-.■/A..)'- 

(02).. 

8/3 

5/3 

1-1/2' 

1-.f/2>: 

/  ?  T" 

(03)  r 

2/3 

1/6 

l/2r 

(04),. 

2/3 

1/6 

1/2x 

/O*. 

(05). 

3/2 

3/2 

3/2 

'->r/Ai  ^ 

(06); 

1 

3/4 

2/3 

A. A  ’ 

(07)f 

0 

1/8 

1/6 

2\/r. 

(08). 

0 

1/8 

1/6 

2  C./r 

(09)): 

2/3 

2/3 

2/3 

-r/'  ’ 

(DtOj. 

2/3 

2/3 

2/3 

5.  TEST  PROBLEMS 

The  flux-type  models  considered  have  previously  been  tested  by  making  predictions  for  two  idealised 
enclosure  problems  for  which  accurate  results  have  been  produced  previously  by  Jenner,  and  reported  by 
Oe  Marco  and  Lockwood  |13|.  Both  enclosure  problems  are  based  on  an  assumed  uniform  distribution  of  the 
radiative  energy  source  term  (Q)  throughout  the  enclosed  gaseous  medium.  This  use  of  a  pre-specified 
distribution  of  Q  (although  far  removed  from  the  highly  non-uniform  distribution  which  would  be  expected 
to  occur  in  a  furnace  or  heater)  effectively  de-couples  the  modelling  of  radiative  energy  transfer  from 
other  physical  phenomena  and,  thereby,  removes  the  necessity  for  simultaneous  modelling  of  flow,  reaction 
and  other  mechanisms  of  heat  transfer,  which  is  involved  in  any  complete  prediction  of  operating  enclosure 
behaviour. 

Enclosure  A  is  cubic  in  shape,  of  side  length  10  m,  and  filled  with  a  grey  gas  of  uniform  absorption 
coefficient  0.2  m"',  within  which  the  radiative  energy  source  term  is  uniform  (i.e.  Q=20kW  m*3  at  each 
point  within  the  gas).  Two  of  the  walls  are  radiatively  adiabatic,  and  the  other  four  have  specified 
uniform  temperatures  and  emissivities,  as  shown  in  Figure  2.  Jenner's  results  for  the  average  radiative 
flux  densities  from  the  enclosed  medium  to  each  of  the  sixteen  smaller  squares  on  the  shaded  face  have 
been  used  as  the  basis  of  comparison  for  the  flux-type  model  predictions  for  the  cube. 
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Figure  2.  Cubic  enclosure  A. 
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Enclosure  B  is  a  box  of  size  Im  x  1m  x  4m,  containing  grey  gas  of  uniform  absorption  coefficient  2m 
within  which  the  radiative  energy  source  term  is  zero  at  all  points  (Q  =  0).  All  six  bounding  walls  are 
radiatively  black  and  have  specified  uniform  temperatures,  as  illustrated  in  Figure  3.  As  with  enclosure 
A,  Jenner's  results  for  the  sixteen  average  flux  densities  to  the  smaller  squares  on  the  shaded  face 
provide  the  basis  for  testing  the  flux-type  model  predictions. 
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Figure  3.  Rectangular  parallelepiped  shaped  enclosure  6. 


7.  NUMERICAL  SOLUTION  OF  THE  FLUX-TTPE  MODEL  EQUATIONS 

The  common  equations  for  the  flux-type  models  (Eqs.  (15)  and  (16))  have  been  solved  for  both  enclosure 
problems  by  using  the  finite-difference  technique  for  replacement  of  the  differential  terms  occurring  on 
the  left-hand  side  j 15,17 j.  A  grid  of  5  x  5  x  5  points  has  been  employed  for  enclosure  A,  and  a  grid  of 
5  X  5  X  17  points  for  enclosure  B.  The  resulting  sets  of3x5x5x5  and  3  x  5  x  5  x  17  simultaneous 
algebraic  equations  in  the  unknown  values  of  L^(c=  x,y  and  z)  at  the  grid  points  have  then  been  solved  by 
making  initial  guesses  for  the  unknown  values,  and  iterating  to  produce  new  values.  The  iterative 
procedure  employed  was  one  developed  by  Peaceman  and  Rachford  |22|for  numerical  solution  of  the  algebraic 
equations  resulting  from  finite  difference  representation  of  the  differential  equation  for  steady-state 
conduction  in  a  solid.  With  this  procedure,  convergence  of  iteration  has  been  assumed  to  be  complete  when 
each  of  the  values  of  L^  at  every  grid  point  differs  by  less  than  a  prespecified  percentage  from  its  value 
in  the  previous  step  of  iteration. 


8.  EVALUATION  OF  THE  FLUX-TYPE  MODEL  PREDICTIONS 

Average  radiative  flux  densities  to  the  sixteen  small  squares  on  the  shaded  face  of  enclosure  A  have 
been  produced  using  Models  1,  2,  3  and  4  |15,17|.  The  percentage  errors  in  the  predicted  average  flux 
densities  are  shown  in  Table  2. 

Predictions  for  enclosure  B  have  also  been  produced  using  Models  1,  2,  3,  4  and  5  j15,17|.  The 
percentage  errors  in  the  average  flux  densities  predicted  using  the  five  models  are  shown  in  Table  3. 

A  condensed  comparison  of  the  flux-type  model  predictions  is  contained  in  Table  5.  Four  values  are 
given  for  each  model;  the  maximum  point  percentage  error  and  the  average  absolute  percentage  error  both  of 
which  give  measures  of  the  accuracy  of  prediction  of  point  flux  densities;  the  average  percentage  accuracy, 
which  reflects  the  accuracy  of  prediction  of  the  total  net  radiative  flux  to  the  surface;  the  number  of 
iterations  necessary  to  produce  convergence  of  the  iterated  solution  within  0.01%  of  the  values  in  the 
previous  iteration  at  all  grid  points,  which  measures  computing  time. 
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Table  2.  Monte-Carlo  based  flux  density  predictions  for  enclosure  A,  and  errors  in  flux-type  predictions. 


Square 

1 

2 

3 

4 

5 

6 

7 

8 

-4  7 

qxlO  W/m^ 

8.68 

9.51 

8.77 

6.72 

7.98 

8.06 

7.70 

6.15 

Model  I 

V  8.93 

-  3.12 

-  1.19 

+  14.18 

+  10.04 

+  5.67 

+  3.04 

+12.33 

%  Model  2 

+10.15 

-  1.92 

+  0.43 

+17.37 

+10.78 

+  6.59 

+  4.48 

+15.45 

errors  Model  3 

-25.33 

-23.54 

-  5.71 

-14.36 

-24.07 

-22.98 

-15.24 

-17.49 

Model  4 

+  8.26 

-  3.58 

-  1.14 

+16.06 

+  9.14 

+  5.06 

+  3.16 

+14.49 

Square 

9 

10 

11 

12 

13 

14 

15 

16 

qxlO  ^  W/m^ 

7.29 

7.52 

6.99 

5.56 

5.14 

5.38 

5.08 

4.55 

Model  1 

+  6.79 

+  0.25 

+  0.16 

+  9.10 

+23.09 

+13.98 

+12.30 

+  9.12 

Model  2 

+  7.61 

+  1.25 

+  1.73 

+12.37 

+25.25 

+16.25 

+  15.26 

+13.60 

errors  Model  3 

+  0.26 

-14.11 

-  3.02 

+12.37 

+16.58 

+  6.38 

+15.82 

*24.74 

Model  4 

+  6.01 

-  0.17 

+  0.54 

+11.64 

+22.74 

+14.14 

+13.68 

+13.14 

q=  Average  flux  density  to  the 

square  from 

the  medium 

,  predicted  using  the 

Monte-Carlo 

method. 

Percentage  error=  (1- 

flux  model 

val ue/Monte-Car1o  value)x100 

Table  3.  Monte-Carlo 

based  flux  density  predictions 

for  enclosure 

8,  and  errors  in  flux-type  model 

predictions 

Square 

1 

2 

3 

4 

5 

6 

7 

8 

-qxlO  ^  W/m^ 

10.0 

9.39 

9.50 

10.0 

9.47 

8.81 

8.67 

9.57 

Model 

1 

+  4.85 

+  7.35 

+  6.15 

+  4.99 

+  6.44 

*  9.00 

+10.82 

+  5.50 

Model 

2 

+10.11 

+13.00 

+11.74 

+10.25 

+12.05 

+15.13 

+17.05 

*11.03 

Model 

3 

+  2.20 

+  6.56 

+  5.37 

+  2.31 

+  5.66 

*10.85 

+12.68 

+  4.68 

Model 

4 

+  5.63 

+  8.42 

+  7.21 

+  5.76 

+  7.51 

+10.45 

+12.30 

*  6.53 

Model 

5 

-  1.61 

-  0.46 

-  1.57 

-  1.49 

-  1.30 

-  0.68 

+  0.97 

-  2.18 

Square 

9 

10 

11 

12 

13 

14 

15 

_ 16_ 

-qxlO  ^  W/m^ 

9.51 

8.65 

8.72 

9.27 

10.1 

9.52 

9.51 

10.0 

Model 

1 

+  6.04 

+11.08 

+10.24 

+  8.95 

+  3.95 

+  6.05 

+  6.20 

+  5.13 

Model 

2 

+11.62 

+17.32 

+16.43 

+14.67 

*  9.16 

+11.62 

+11.78 

+10.39 

Model 

3 

♦  5.26 

+12.94 

+12.08 

+  8.11 

+  1.30 

+  5.23 

+  5.38 

+  2.42 

Model 

4 

+  7.10 

+12.55 

+11.70 

+10.02 

+  4.71 

+  7.09 

+  7.25 

+  5.88 

Model 

5 

-  1.67 

+  1.20 

+  0.44 

+  1.02 

-  2.47 

-  1.67 

-  1.52 

-  1.36 

q+  Average  flux  density  to  the  square  from  the  medium,  predicted  using  the  Monte-Carlo  method. 
Percentage  error=  (1-flux  model  value/Monte-Carlo  value)x100 

Table  4.  Comparison  of  flux-type  model  prediction  of  surface  fluxes. 

Problem 

Model 

Maximum 
%  error 

Average 
absolute 
%  error 

Average 
t  error 

Number  of 
iterations 

1 

*  23.09 

8.33 

+  6.83 

28 

Enclosure  A: 

2 

+  25.25 

10.03 

+  8.65 

19 

Cube 

3 

-  25.33 

15.12 

■  5.61 

10 

4 

+  22.74 

8.93 

t  7.17 

11 

1 

+  11.08 

+  6.94 

+  6.94 

26 

2 

+  17.32 

+12.59 

+12.59 

17 

3 

+  12.94 

+  6.25 

*  6.25 

9 

4 

+  12.55 

+  8.01 

+  8.01 

14 

5 

-  2.47 

+  1.35 

-  0.94 

8 

As  can  be  seen  from  Table  4,  the  six-term  Discrete-Ordinate  model  (Model  3)  and  the  six-flux  model 
Witn  equal  subdivisions  (Model  4)  economically  produce  good  results  for  both  enclosures,  and  is,  overall, 
better  than  Models  1  and  2.  The  additional  advantage  of  using  a  subdivision  based  on  the  geometry  of  the 
enclosure  is  demonstrated  by  comparison  of  the  results  obtained  for  the  box-shaped  enclosure.  Model  5 
produces  a  substantial  improvement  in  both  accuracy  and  economy. 


8.  Cs’lCLUSIOhS 

For  the  prediction  of  three-dimensional  radiative  energy  transfer  in  rectangular  furnaces,  the 
six-flux  model  of  Schus ter-Schwar/schi Id  type  utilising  subdivisions  of  the  total  solid  angle  based  upon 
the  leometry  of  the  enclosure  has  been  shown,  by  comparison  with  other  flux-type  models  and  Monte-Carlo 
results,  to  produce  acceptably  accurate  predictions  and  savings  in  computational  expense.  It  should, 
therefore,  prove  to  be  a  useful  component  for  incorporation  into  existing  procedures  for  complete 
imj theina  1  ica  1  -model  I  inn  of  combustion  chambers. 
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DISCUSSION 


P.Ramette,  Ft 

Pour  le  modeme  de  flux  de  Schuster-Schwarzschild  avec  des  divisions  d’angle  solide  inegaleo.  q  'elle  est  la  methode 
pour  determiner  la  dimension  des  differents  angles  solides? 

Author’s  Reply 

Subdivision  of  the  total  solid  angle  surrounding  a  point  depends  on  the  position  of  the  point  within  the  enclosure. 
For  a  particular  point  under  consideration,  the  subdivision  is  achieved  by  connecting  the  point  to  the  corners  of 
the  enclosure. 


1 


D.Grouset,  Fr 

Le  modele  n°  1  est  celui  de  Lockwood  et  Marco. 

II  considere  une  distribution  polynominale  du  flux  en  chaque  point  et  decoupe  I'espace  en  six  angles  egaux. 

Avez  vous  essaye  la  formulation  de  Lockwood  et  Shah  qui  utilise  la  nieme  distribution  polynominale  mais  dbcoupe 
I'espace  en  six  angles  solides  in6gaux.  Lockwood  et  Shah  annoncent  de  meilleurs  r6sultats  dans  le  cas  de  distributions 
aniso  tropes. 

.Author’s  Reply 

No.  I  have  not  tested  the  accuracy  of  the  ITux-type  model  proposed  by  Lockwood  and  Shah. 
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A  computational  model  for  predictin')  the  rate  of  heat  released  during  combustion  of  a  fuel  injected 
into  a  combustion  chamber  is  proposed.  In  the  mathematical  model  the  burning  rate  was  based  on  the  ignition 
of  combustible  mixture  elements  formed,  each  having  different  ignition  delays,  depending  on  the  state  param¬ 
eters  they  were  subjected  to  in  the  combustion  chamber.  The  rate  of  heat  release  was  related  to  the  rate  of 
evaporation  of  the  injected  fuel.  The  rate  of  evaporation  of  the  fuel  was  related  to  the  size  distribution 
of  the  fuel  droplets  which  was  divided  into  several  groups  with  different  diameters.  The  diameter  and  tem¬ 
perature  histories  of  the  droplets  in  each  group  were  simultaneously  obtained  depending  on  the  instantaneous 
droplet  velocity,  the  rate  of  injection,  type  of  nozzle,  fuel  and  heat  transferred  to  the  evaporating  drop¬ 
lets.  The  total  evaporation  rate  of  the  fuel  at  any  instant  was  the  sumnation  of  the  evaporation  rates  of 
all  the  droplets  present  in  the  cylinder  at  any  time.  , 


LIST  OF  SYMBOLS 

2 

Ap  Projected  area  of  droplet  (m  ) 

a  Radius  of  droplet  (m) 

Cn,  Drag  coefficient 

^  -1  -1 
c^  Specific  heat  at  constant  pressure  {kj.kg  .K  ) 

D  Diameter  (m) 

Dj  Sauter  mean  diameter  (m) 

D,  Diffusion  coefficient 

'  .  I 

Total  rate  of  evaporation  (kg.s  ) 

F  Drag  force  (N) 

h-  Latent  heat  of  vaporization  (kJ.kg"') 

'9  -1  -1 

k  Thermal  conductivity  (kW.m  .K  ) 

M  Mass  (kg) 

m  Mass  of  a  single  droplet  (kg) 

N  Number  of  droplets 

Nu  Nusselt  nunber 


Q  Heat  transferred  (kJ) 

3 

Amount  of  fuel  delivery  (mm  ) 
q  Heat  flux  (kW.m 

P  Pressure  (kPa) 

Pr  Prandtl  number 
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INTRODUCTION 


A  variety  of  combustion  engines  operate  on  the  principle  of  mixing  the  fuel  and  oxygen  in  the  combus¬ 
tion  chamber.  The  fuel  admitted  in  as  a  liquid  has  to  vaporize  and  form  a  combustible  mixture.  The  proposed 
combustion  model  is  for  fuel  injected  into  high  pressure  hot  air. 

The  rate  of  formation  of  the  combustible  mixture  will  affect  the  rate  of  heat  release  during  combustion. 
In  the  case  of  intermittent  operation  the  combustion  during  fuel  injection  may  be  examined  in  two  parts. 
Initially  some  of  the  fuel  injected  into  high  pressure  hot  air  will  evaporate  and  form  a  combustible  mixture 
during  the  initial  ignition  delay  period.  Therefore  the  combustion  at  the  end  of  the  delay  period  will  be 
for  a  premixed  fuel/air  mixture.  At  this  instant  the  yet  unevaporated  fuel  at  the  core  of  the  spray  and  the 
further  injected  fuel  will  form  a  highly  rich  mixture.  A  diffusive  combustion  will  continue  as  more  air  is 
entrained  into  this  mixture. 

The  ignition  delay  may  be  divided  into  physical  and  chemical  ignition  delays.  After  the  start  of  in¬ 
jection,  pockets  of  combustible  mixture  having  approximately  stoichiometric  air/fuel  ratios  will  be  formed 
around  the  boundaries  of  the  spray  depending  on  the  evaporation  of  fuel  droplets  and  mixing  with  air.  An 
element  of  combustible  mixture  formed  at  any  instant  at  a  sufficiently  high  temperature  and  pressure  will 
be  submitted  to  pre-flame  reactions.  The  rate  of  these  reactions  will  depend  on  the  chemical  composition, 
temperature,  pressure  and  air/fuel  ratio  of  the  mixture.  It  has  been  experimentally  observed  that  the  rate 
of  these  reactions  increase  to  very  high  values  after  a  certain  time  interval  which  is  termed  as  the  chem¬ 
ical  ignition  delay  period.  It  is  assumed  that  the  concentration  of  some  of  the  partial  products  of  the 
pre-flame  reactions  which  act  as  chain  carriers  build  up  to  a  critical  value  after  which  the  rate  of  the 
reaction  suddenly  increases. 

After  ignition  as  the  temperature  and  pressure  of  the  mixture  increases  the  rate  of  preflame  reactions 
will  increase  and  thus  the  time  required  for  the  chain  carriers  to  build  up  to  a  critical  value  will  pro¬ 
gressively  decrease  and  this  will  lead  to  an  explosive  type  of  combustion. 

OUTLINE  OF  THE  MODEL 


In  this  model  it  was  assimed  that  the  liquid  fuel  was  discharged  at  a  high  velocity  into  the  combustion 
chamber  in  the  form  of  ligaments  which  broke  up  and  contracted  into  droplets.  The  time  required  for  the 
formation  of  the  droplets  was  neglected.  Therefore,  it  was  assumed  that  the  fuel  was  introduced  in  the  form 
of  a  group  of  droplets  of  variable  size. 

The  relative  velocities  of  the  droplets  with  respect  to  the  gas  in  the  chamber  varied  depending  on 
their  size,  the  injection  rate  of  fuel  and  the  density  of  the  surrounding  gas. 

It  was  assumed  that  the  droplets  did  not  interact  physically  or  thermally  with  each  other  during  their 
travel.  The  droplets  evaporated  at  varying  rates  of  evaporation  depending  on  their  size,  relative  velocity 
and  the  thermodynamic  state  of  the  gaseous  medium. 

Droplets  within  predefined  size  ranges  were  assumed  to  be  all  at  the  mean  diameter  of  the  specified 
size  range.  Therefore  the  rate  of  evaporation  of  all  the  droplets  was  calculated  by  considering  only  the 
droplets  having  the  mean  diameters  at  the  specified  size  ranges. 

The  evaporation  process  had  an  Important  effect  on  spray  combustion  and  in  the  simulation  model  the 
knowledge  of  evaporation  rate  was  used  in  predicting  the  burning  rate.  The  rate  at  which  a  combustible 
mixture  was  formed  was  assumed  to  be  determined  by  the  rate  of  evaporation. 

The  chemical  Ignition  delay  of  an  element  of  combustible  mixture  was  defined  as  the  time  from  its 
formation  until  its  ignition.  Its  magnitude  depended  on  the  temperature,  pressure,  chemical  composition 
and  the  air/fuel  ratio  of  the  combustible  mixture.  Therefore  the  Ignition  delays  of  the  combustible  mixture 
elements  formed  at  different  Instants  would  be  different  since  they  would  all  have  different  histories  of 
temperature,  pressure  and  oxygen  concentration.  Following  the  initial  ignition  of  the  combustible  mixture 
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INTRODUCTION 


A  variety  of  combustion  engines  operate  on  the  principle  of  mixing  the  fuel  and  oxygen  in  the  combus¬ 
tion  chamber.  The  fuel  admitted  in  as  a  liquid  has  to  vaporize  and  form  a  combustible  mixture.  The  proposed 
combustion  model  is  for  fuel  injected  into  high  pressure  hot  air. 

The  rate  of  formation  of  the  combustible  mixture  will  affect  the  rate  of  heat  release  during  combustion. 
In  the  case  of  intermittent  operation  the  combustion  during  fuel  injection  may  be  examined  in  tivo  parts. 
Initially  some  of  the  fuel  injected  into  high  pressure  hot  air  will  evaporate  and  form  a  combustible  mixture 
during  the  initial  ignition  delay  period.  Therefore  the  combustion  at  the  end  of  the  delay  period  will  be 
for  a  preraixed  fuel/air  mixture.  At  this  instant  the  yet  unevaporated  fuel  at  the  core  of  the  spray  and  the 
further  injected  fuel  will  form  a  highly  rich  mixture.  A  diffusive  combustion  will  continue  as  more  air  is 
entrained  into  this  mixture. 

The  ignition  delay  may  be  divided  into  physical  and  chemical  ignition  delays.  After  the  start  of  in¬ 
jection,  pockets  of  combustible  mixture  having  approximately  stoichiometric  air/fuel  ratios  will  be  formed 
around  the  boundaries  of  the  spray  depending  on  the  evaporation  of  fuel  droplets  and  mixing  with  air.  An 
element  of  combustible  mixture  formed  at  any  instant  at  a  sufficiently  high  temperature  and  pressure  will 
be  submitted  to  pre-flame  reactions.  The  rate  of  these  reactions  will  depend  on  the  chemical  composition, 
temperature,  pressure  and  air/fuel  ratio  of  the  mixture.  It  has  been  experimentally  observed  that  the  rate 
of  these  reactions  increase  to  very  high  values  after  a  certain  time  interval  which  is  termed  as  the  chem¬ 
ical  ignition  delay  period.  It  is  assumed  that  the  concentration  of  some  of  the  partial  products  of  the 
pre-flame  reactions  which  act  as  chain  carriers  build  up  to  a  critical  value  after  which  the  rate  of  the 
reaction  suddenly  increases. 

After  ignition  as  the  temperature  and  pressure  of  the  mixture  increases  the  rate  of  preflame  reactions 
will  increase  and  thus  the  time  required  for  the  chain  carriers  to  build  up  to  a  critical  value  will  pro¬ 
gressively  decrease  and  this  will  lead  to  an  explosive  type  of  combustion. 

OUTLINE  OF  THE  MODEL 


In  this  model  it  was  assuned  that  the  liquid  fuel  was  discharged  at  a  high  velocity  into  the  combustion 
chamber  in  the  form  of  ligaments  which  broke  up  and  contracted  into  droplets.  The  time  required  for  the 
formation  of  the  droplets  was  neglected.  Therefore,  it  was  assumed  that  the  fuel  was  introduced  in  the  form 
of  a  group  of  droplets  of  variable  size. 

The  relative  velocities  of  the  droplets  with  respect  to  the  gas  in  the  chamber  varied  depending  on 
their  size,  the  injection  rate  of  fuel  and  the  density  of  the  surrounding  gas. 

It  was  assuned  that  the  droplets  did  not  interact  physically  or  thermally  with  each  other  during  their 
travel.  The  droplets  evaporated  at  varying  rates  of  evaporation  depending  on  their  size,  relative  velocity 
and  the  thermodynamic  state  of  the  gaseous  medium. 

Droplets  within  predefined  size  ranges  were  assumed  to  be  all  at  the  mean  diameter  of  the  specified 
size  range.  Therefore  the  rate  of  evaporation  of  all  the  droplets  was  calculated  by  considering  only  the 
droplets  having  the  mean  diameters  at  the  specified  size  ranges. 

The  evaporation  process  had  an  Important  effect  on  spray  combustion  and  in  the  simulation  model  the 
knowledge  of  evaporation  rate  was  used  in  predicting  the  burning  rate.  The  rate  at  which  a  combustible 
mixture  was  formed  was  assumed  to  be  determined  by  the  rate  of  evaporation. 

The  chemical  ignition  delay  of  an  element  of  combustible  mixture  was  defined  as  the  time  from  its 
formation  until  its  ignition.  Its  magnitude  depended  on  the  temperature,  pressure,  chemical  composition 
and  the  air/fuel  ratio  of  the  combustible  mixture.  Therefore  the  ignition  deUys  of  the  combustible  mixture 
elements  formed  at  different  instants  would  be  different  since  they  would  all  have  different  histories  of 
temperature,  pressure  and  oxygen  concentration.  Following  the  initial  Ignition  of  the  combustible  mixture 


elements  as  the  temperature  and  pressure  increased  the  ignition  delays  of  successively  formed  combustible 
mixture  elements  would  progressively  decrease  resulting  in  a  high  rate  of  heat  release  imposing  an  explosive 
nature  on  the  early  stages  of  combustion.  Therefore  the  rate  of  heat  release  during  this  stage  would  depend 
on  the  rate  of  change  of  the  time  difference  between  the  formation  and  ignition  of  the  successively  formed 
combustible  elements.  This  difference  would  decrease  to  a  negligible  value  as  the  premixed  air/fuel  mixture 
burned  such  that  the  rate  of  heat  release  during  the  later  stages  of  combustion,  of  the  yet  unevaporated 
fuel  at  the  core  of  the  spray  and  the  further  injected  fuel,  would  depend  on  the  rate  of  formation  of  the 
combustible  mixture  elements. 

FORMULATION  OF  THE  MODEL 

The  formulation  of  the  model  has  been  based  on  previous  theoretical  and  experimental  work  done  by 
various  investigators  on  droplet  evaporation,  spray  formation  and  simulation  of  the  thermodynamic  cycle  of 
compression  ignition  engines.  Therefore  this  study  may  be  viewed  as  an  analysis  and  synthesis  of  various 
independant  work  leading  to  a  droplet  evaporation  rate  controlled  combustion  model. 


GROUPING  OF  THE  DROPLETS  IN  SIZE  RANGES 

The  rate  of  evaporation  of  the  fuel  was  derived  from  the  rate  of  evaporation  of  single  droplets.  The 
spray  of  injected  fuel  is  a  grouping  of  droplets  having  very  many  different  diameters.  In  order  to  simplify 
the  analysis  of  such  a  spray  the  droplets  were  classified  into  several  size  ranges.  The  analysis  was  then 
carried  on  for  only  a  number  of  droplets  equal  to  the  number  of  size  ranges.  The  sauter  mean  diameter  was 
selected  as  a  reference  since  the  surface  area  and  volume  of  a  droplet  affected  its  evaporation. 

The  sauter  mean  diameter  is  defined  as  the  diameter  of  a  droplet  that  has  the  same  surface  to  volime 
ratio  as  that  of  the  total  spray. 
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The  empirical  relation  used  for  finding  Ds  depending  on  the  effective  injection  pressure,  gas  density 
and  quantity  of  fuel  delivery  was  H]’. 


Oj  =  A(aP) 
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where  A  was  a  constant  depending  on  the  type  of  nozzle.  The  mean  effective  pressure  drop,  P,  was  determined 
from  the  equation  of  incompressible  flow  through  an  orifice; 


ap  =  !1^ 
2C 


(3) 


The  nozzle  flow  coefficient,  C,  has  been  determined  [2]  from  an  analysis  of  a  set  of  experimental  data, 
which  included  a  number  of  different  nozzles.  The  results  indicated  a  constant  coefficient  of  0.78,  inde¬ 
pendent  of  the  pressure  or  Reynolds  number.  A  value  of  0.8  was  used  in  this  study.  The  mean  injection  veloc¬ 
ity  was  determined  from; 
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dt 
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and  the  mean  injection  rate  was: 
«T 


dt 


(5) 


inj 


The  size  distribution,  with  respect  to  the  sauter  mean  diameter,  of  the  droplets  in  a  spray  was  exper¬ 
imentally  investigated  [1].  The  droplet  size  data  were  obtained  for  various  types  of  nozzles,  various  back 
pressures,  different  sampling  positions,  various  pump  speeds  and  various  rack  positions  of  the  injection 
pump.  The  following  non-dimensional  expression,  independent  of  the  operating  conditions  and  the  nozzle  type 
was  used  in  this  study  for  the  size  distribution  of  the  droplets  sprayed  into  a  high  pressure  gaseous 
environment: 


^  -  13.5  {-£-)  Exp  [-3  (-5-)]  d(-5-) 

Hr  0^  0^  D, 


(6) 


The  fuel  injection  rate  was  expressed  in  a  polynomial  form.  The  amount  of  fuel  injected  was  determined 
by  integrating  this  injection  rate  curve. 

As  a  result  of  assuming  that  the  droplets  were  grouped  into  several  size  ranges  equation  (6)  was 
expressed  for  discrete  size  ranges  F1g.(1). 
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FIGURE  1  SIZE  DISTRIBUTION  OF  DROPLETS 
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where  the  drag  coefficient  Cg  was  given  as; 


(Re  <  0.48) 


C  -  V 


(0.48  <  Re  <  78) 


and  substituting  in  equation  (12) 


- - - -  ,  I 

dt  4  D. 

Equation  (14)  was  solved  by  using  the  initial  condition  at  t=0. 

EVAPORATION  OF  A  SINGLE  OROPLET 

As  the  droplets  traveled  through  high  temperature  and  pressure  gas  they  were  subjected  to  heat  and 
mass  transfer.  It  was  assumed  that  the  droplets  were  spherical  and  that  they  did  not  interact  with  each 
other.  The  temperature  of  the  droplets,  which  were  assumed  to  be  radially  uniform,  increased  during  their 
travel  depending  on  the  enthalpy  carried  out  by  mass  transfer  and  the  convective  and  radiative  heat 
transferred  from  the  surrounding  gas.  The  diameter  of  the  droplets  decreased  depending  on  mainly  the  rate 
of  mass  transfer  and  the  effect  of  the  change  of  the  specific  volume  of  the  liquid  with  temperature  was 
neglected. 

A  spherical  boundary  layer  of  vaporized  fuel  was  formed  around  each  droplet.  The  thickness  of  this 
boundary  layer  depended  on  the  size  and  velocity  of  the  droplet  as  well  as  the  mass  diffusion  coefficient 
and  density  and  viscosity  of  the  gaseous  phase.  Diffusion  of  fuel  was  assumed  to  be  due  to  the  driving 
force  of  the  concentration  gradient  in  the  boundary  layer.  The  boundary  layer  was  assumed  to  by  spherically 
symmetrical  with  only  radial  heat  and  mass  transfer. 

A  spherical  fuel  droplet  of  uniform  temperature  Tf  and  radius  a  in  the  surrounding  gas  of  bulk  mean 
cylinder  temperature  Tr  (Fig. 2)  received  heat  from  the  ambient  gas  as  vapor  flowed  out  from  the  droplet. 

The  rate  of  mass  transfer  at  an  arbitrary  radius  from  the  droplet  centre  could  be  expressed  in  the  following 
form  of  Pick's  first  law  with  respect  to  stationary  coordinates; 

.  .  .  2  ^^f 

m.  =  y.  (m,+  m  )  -  4  r  r  o„  0,  — t  (15) 

T  T  T  g  9  f  dr 

Assuming  that  the  flow  of  cylinder  gas  into  the  droplet  was  negligible,  that  is  mg  =  0,  equation  (15)  became: 
2 

4  r  r  0  0,  dy, 

/icv 


The  fuel  vapor  weight  fraction  profile  was  obtained  by  a  mass  balance; 

(m,)  »  0 
dr  ^ 

Substituting  m^  from  equation  (16)  gave  the  following  nondimensional  relation; 
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The  boundary  conditions  for  equation  (18)  were 


Solving  equation  (18); 

Exp(-e/x,)  -  Exp(-e/x) 

y(x)  -  y.  [ - i - ] 

Exp{-e/X2)  -  Exp{-e) 


FIGURE  2  CONCENTRATION  AND  THERMAL  BOUNDARY  LAYERS 
AROUND  AN  EVAPORATING  DROPLET 


where 


6  = 


4  JT  a  Pg 

Expressing  equation  (16)  at  the  surface  of  the  droplet  with  diameter  D; 
2  n  0  p  D, 


1 


M  ^  I 

y  dx  'x=x, 
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Differentiating  equation  (19)  and  substituting  into  equation  (20); 


=  2  it  Dg  (0  +  26f)  In  (1  -  y^) 


where 


(20) 


(21) 


«f  = 


Sh-2 


and  the  Sherwood  number,  Sh,  was  calculated  from  the  following  empirical  relation  [5]; 
Sh  =  2  +  0.6  Re''^  Sc^''^ 

where  the  Reynolds  and  Schmidt  numbers  were  respectively  defined  as; 

D  p„  V 
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The  relative  velocity,  V,  between  droplet  and  gas  was  calculated  through  equation  (14).  The  mass 
diffusion  coefficient,  Df,  was  calculated  by  the  following  equation  given  by  Hirschfelder  [6]; 


-  2.628x10 
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where  =  Molecular  weights  of  species  a  and  b  (kg/kgmol) 

'"ab’^d  "  Lennard-Jones  constants 
P  =  Total  pressure  (atm) 

r^j,  could  be  evaluated  from  rgti  =  7  (I'a  '"b)  where  r^  and  rj,  were  the  collision  diameters  for  each  molecular 
species.  If  they  were  not  known  Hirschfelder  l6]  recommended  the  following  relation; 


r  =  2.44  (-£1) 
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(27) 


where  T(-r  and  were  the  critical  temperature  and  pressure  of  the  species.  Ij  was  given  in  reference  .6_ 
if  the  parameter  kT/Ejp  was  known  where  the  intermolecular  potential  parameter  Eap/k  was  given  as; 
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if  y  was  not  known  Hirschfelder  recotmended  the  following  relation: 

i  =  0.77  T_ 
k 


(29) 


Since  equation  (26)  gave  better  predictions  at  lower  temperatures,  the  diffusion  coefficient  at  higher 
temperatures  was  obtained  from  the  following  relation  [7]; 
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where  c  was  the  Sutherland  constant  of  the  mixture.  It  was  taken  as  the  geometric  mean  of  the  values  for 
the  species.  In  case  it  was  not  known  it  could  be  estimated  from; 


c  =  1.47  T, 


bp 


(31) 


where  Tpp  was  the  boiling  point  in  degree  Kelvin. 

Fuel  vapor  weight  fraction  at  the  droplet  surface,  Vs,  was  evaluated  by  assuming  that  the  fuel  vapor 
was  saturated  at  the  droplet  surface.  The  vapor  pressure,  Py,  of  the  fuel  was  obtained  from  the  Antonie 
equation; 
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where  A,  B  and  C  were  constants  obtained  from  reference  [8].  The  mole  fraction  of  the  fuel  vapor  at  the 
droplet  surface  was; 


’‘s  -- 
®  P 

and  the  weight  fraction  of  the  fuel  vapor  at  the  droplet  surface  was 
’<4  "f 
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Tha  ptiysical  properties  in  the  boundary  layer  were  evaluated  closer  to  the  wall  than  the  mean  film 
value  as  racoMaandad  by  Hubbard  [9] 
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Ty  and  Tq  ware  tenparatures  at  the  surface  and  far  away  from  the  evaporating  droplet  respectively. 
In  nrdar  tp  find  the  instantaneous  droplet  temperature  an  energy  balance  was  applied; 
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and  E  =  0.49  from  reference  [10].  Assuming  a  quasi-steady  process  the  convective  heat  flux  from  the  mixture 
of  fuel  vapor  and  gas  in  the  boundary  layer  to  the  droplet  could  be  expressed  in  terms  of  the  temperature 
in  the  thermal  boundary  layer  at  the  surface  of  the  droplet; 


-^^mix 


dr 


(39) 


The  temperature  profile  could  be  found  by  applying  an  energy  balance  to  a  spherical  shell  in  the  thermal 
boundary  layer; 


[4  TT  r^  It  .  —ini?.  +  c  T  .  ]  =  0 

dr  dr  Pmix  ^ 

The  boundary  conditions  were; 


a+i. 


^mix 

Tf 

at 

X  = 

T  .  = 

mix 

^c 

at 

X  = 

(40) 


where  x  = 


The  solution  of  equation  (40)  was 


T(x)  =  T^  .  +  T 


Exp(-i|>/X2)  -  Exp{-4>/x) 


Exp(-it</X2)  -  Exp(-i|;)  Exp{-iJ</X2)  -  Exp(-i|/) 
ill. 


where  = 


^  *  Pmix  “mix 

a+a. 


and  Xj  = 


The  temperature  profile  at  the  droplet  surface  was; 


<1T„ 


MT,  -  TJ 


dx  'x=l  1-Exp[ii<(x2'1  )/X2] 

The  thickness  of  the  thermal  boundary  layer,  6^,  was  given  by  [11 ]♦ 

^h  =  — 

^  Nu-2 

and  from  [5]; 

Nu  =  2  +  0.6  Re''"^  Pr'^^ 

where  a  constant  value  of  0.7  was  taken  for  the  Prandtl  number. 


(41) 

(42) 

(43) 

(44) 

(45) 

(46) 


Having  calculated,  qf,,  from  equation  (39)  by  substituting  equations  (44)  and  (45)  the  rate  of  change 
of  the  droplet  temperature  was  expressed  from  equation  (36)  as; 


dT^ 


’  [hfg  nif  +  iTD^(qj,  +  q^)] 


dt  me, 
pf 

The  rate  of  change  of  the  droplet  diameter  in  terms  of  the  rate  of  evaporation  was; 
dv. 


dt 


Therefore 
dO  2 


dt  TTOfO^ 


(47) 


(48) 


(49) 


Equations  (47)  and  (49)  were  solved  simultaneously. 


HEAT  release  RATE 


The  chpncal  iqnUion  delay  oE  various  homcqeneous  fuel/air  mixtures  at  constant  temperature,  pressure 
and  oxyqen  concent t i on  were  experimentally  correlated  as  12,13,14  ; 

■  =  A  EXP  (D/T'j  150) 

In  the  case  of  varyino  temperature,  pressure  and  equivalence  ratio.,  Livengood  and  Wu  1 2 '  proposed 
the  following  relation  for  the  ignition  delay; 

;  =  1  (51) 

0 

The  above  integral  could  be  solved  with  a  state,  time  history  of  the  process.  It  was  assumed  that  an 
element  of  combustible  mixture  did  not  release  any  heat  during  its  delay  period  and  was  converted  into 
final  products  releasing  its  total  energy  when  it  ignited. 

Depending  on  the  rate  of  evaporation  of  the  fuel  and  mixing  with  air,  an  element  of  combustible 
mixture  was  formed  at  each  incremental  time.  For  an  element  of  combustible  mixture  formed  at  time  t 
equation  (SI)  was  expressed  as; 

=  1  (52) 

t'  ■:{t) 

Instead  of  calculating  equation  (52)  separately  for  each  element  of  combustible  mixture  formed,  Nagao 
et.al.  15  proposed  to  introduce  the  time  variable  z  for  scaling  the  formation  of  combustible  mixture  to 
distinguish  it  from  the  time  variable  t  for  measuring  the  heat  release  rate.  The  origin  of  both  variables 
were  taken  as  the  formation  of  the  first  element  of  combustible  mixture.  A  mixture  element  formed  at  time 


z  ignited  at  time  t  after  a  delay  period  of  t  Such  that; 

T  =  t  -  z 

(53) 

The  relationship  between  z  and  t  was  given  as; 

^  =  liil 

(54) 

dt  o(t) 

with  the  initial  condition  z(tq)  =  0  where  Tq  was  calculated  from  equation  (51). 

In  order  to  obtain  the  rate  of  heat  release  the  amount  of  available  energy  at  any  instant  was  defined 
as; 


c(2)  =  E^(z)  Ql  (55) 

where  Ey(z)  was  the  total  evaporation  rate  of  the  fuel  which  was  found  by  summation  of  the  evaporation 
rates  of  all  the  droplets  present  in  the  combustion  chamber  at  any  instant.  Referring  to  Fig. (3)  an  element 
of  combustible  mixture  formed  at  time  z,  and  having  an  available  energy  of  c(z).Az,  ignited  after  a  delay 
period  at  time  t,  releasing  its  energy  in  the  form  of  heat; 

c(z).Az  =  Q^(t).&t  (56) 


Expressing  in  differential  form; 

Qw(t)  =  c(z).  ^  (57) 

"  dt 

and  substituting  equation  (54),  for  t  >  ; 

0h(t)  -  c(z).  2i5i  (58) 

''  o(t) 

wiere  ^(z)  was  interpolated  from  the  stored  history  of  o(t). 

CRITICAL  REVIEW  UF  THE  MODEL 


The  model  based  the  rate  of  combustible  mixture  formation  on  the  rate  of  evaporation  of  the  fuel.  The 
accuracy  of  the  empirical  expressions  relating  the  sauter  mean  diameter  and  the  size  distribution  of  the 
droplets  were  directly  reflected  on  the  calculated  rate  of  evaporation  which  was  dependant  on  the  diameter 
of  a  droplet.  The  accuracy  in  the  prediction  of  the  diffusion  coefficient  for  the  fuel  vapor-air  binary 
system  by  equation  (26)  was  within  7  to  8  percent  [7]  which  had  a  proportional  effect  on  the  accuracy  in 
determining  the  rate  of  evaporation  of  droplets. 

In  the  model  a  phase  of  rapid  combustion  was  followed  by  a  phase  of  diffusive  combustion.  In  the 
latter  stage  all  mixture  elements  once  formed  were  assumed  to  burn  almost  without  delay.  In  reality  the 
evaporated  fuel  mixed  with  the  fresh  air  and  formed  a  combustible  mixture.  The  air  movement  and  the  spray 
form  thus  have  an  important  effect  on  the  formation  of  combustible  mixture  during  this  period.  However,  in 
the  model  it  was  assumed  that  the  evaporated  fuel  Immediately  found  enough  air  to  form  a  combustible  mixture, 
thus  the  rate  of  mixture  formation  was  assumed  to  be  the  rate  of  evaporation.  This  would  probably  cause 
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FIGURE  3.  SCHEMATIC  REPRESENTATION  OF  THE  RELATION 
BETWEEN  THE  RATE  OF  HEAT  RELEASE  AND  THE 
AVAILABLE  ENERGY 


the  prediction  of  a  higher  rate  of  burning  during  the  diffusive  combustion  stage. 

The  motion  of  the  air  into  which  the  fuel  was  injected  was  not  included  into  the  model.  However,  air 
motion  will  definitely  affect  the  rate  of  evaporation  of  the  fuel  droplets  and  the  availability  of  oxygen. 

Therefore  the  model  may  be  improved  by  considering  the  geometry  of  the  fuel  spray,  the  motion  of  the 
gas  in  the  cylinder  and  the  variation  of  the  concentration  profiles  within  the  spray  cone. 

REFERENCES 

1]  Hiroyasu,  H.  and  Kadota,  T.,  "Fuel  Droplet  Size  Distribution  in  Diesel  Combustion  Chamber",  SAE  Trans 
Vol.  83,  pp.  2615-2624,  1974. 

2]  Scullen,  R.S.  and  Names,  R.J.,  "Computer  Simulation  of  the  GM  Unit  Injector",  SAE  Trans.,  Vol.  87, 
pp.  618-633,  1978. 

3^  Kamimoto,  T.  and  Matsuoka,  S.,  "Prediction  of  Spray  Evaporation  in  Reciprocating  Engines",  SAE  Trans. 
Vol.  87,  pp.  1792-1802,  1978. 

'4]  Ingebo,  R.D.,  "Atomization,  Acceleration  and  Vaporization  of  Liquid  Fuels",  Sixth  Symp.  (Int.)  on 
Comb.,  p.  684,  1957. 

[^5]  Ranz,  W.E.  and  Marshall,  W.R.,  "Evaporation  From  Drops",  Parts  1  and  2,  Chem.  Eng.  Prog.,  Vol.  48, 
pp.  141-146  and  173-180,  1952. 

161  Hirschfelder,  J.O.,  Curtiss,  C.F.  and  Bird,  R.B.,  "Molecular  Theory  of  Gases  and  Liquids",  Wiley, 

New  York,  p.  539,  1954. 

171  Perry,  R.H.,  "Chem.  Engrs.  Handbook",  McGraw  Book  Company,  p.  539,  1950. 

[81  Dreisbach,  R.R.,  "Physical  Properties  of  Chemical  Compounds".  American  Chemical  Society,  Vol.  2,  1959 

19]  Hobbard,  G.L.,  Denny,  V.E.  and  Mills,  A.F.,  "Droplet  Evaporation;  Effects  of  Transients  and  Variable 
Properties",  Int.  J.  Heat  and  Mass  Transfer,  Vol.  18,  pp.  1003-1008,  1975. 

110]  Hottel ,  H.C.,  "Combustion  of  Droplets  of  Heavy  Liquid  Fuels",  Fifth  Symp.  (Int.)  on  Comb.,  p.  101, 
1955. 

llj  Sanqiovanni,  I.J.  and  Kesten,  A.S.,  "A  Theoretical  and  Experimental  Investigation  of  the  Ignition  of 
Fuel  Oroplets",  Comb.  Sci.  and  Tech,,  Vol.  16,  pp.  59-70,  1977. 


12  Livengood,  J.C.  and  Wu,  P.C.,  “Correlation  of  Autoignition  Phenomena  in  Internal  Combustion  engines 
and  Rapid  Compression  Machines”,  Fifth  Symp.  (Int.)  on  Comb.,  pp.  347-356,  1955. 

13  Hum,  R.W.  and  Smith,  H.M.,  “Hydrocarbons  in  the  Diesel  Boiling  Ranoe",  Ind.  Engng.  Chom.,  Vol  .  43, 
No.  12,  pp.  2788-2793,  1951  . 

14,  Mullaney,  G. ,  “Autoigni tion  of  Liquid  Fuel  Sprays",  Ind.  Engng.  Chem.,  Vol.  51,  No.  6,  pp.  ’’9-782, 
1959. 

J5,  Nagao,  F.,  Ikegami,  M.  and  Oshima,  K. ,  “An  Analysis  of  Combustion  Knock  in  a  Diesel  Engine",  Bull. 
JSME,  Vol.  18,  No.  39,  pp.  532-542,  1967. 


30- 1: 


DISCUSSION 


K. Collin, 

Have  you  eompared  your  modelling  with  any  real  eombuslor  or  eomhustor  measarementi  ’ 

Author's  Reply 

Yes,  the  results  were  compared  with  the  experimental  results  obtained  from  a  Petler  single  cylinder,  naturally 
aspirated,  air  cooled,  four  stroke  direct  injection  diesel  engine.  Results  were  very  satislactory  tor  the  initial 
pressure  rise  and  maximum  pressures. 


P.Sampath.  Ca 

Have  you  studied  the  interaction  of  one  burning  droplet  with  the  evaporation  ot  adjacent  droplets  ’ 
Author’s  Reply 

No.  we  did  not.  It  was  assumed  that  there  was  no  interaction  among  droplets. 


N.Sel^uk.  Tu 

Your  model  is  for  fuel  Injected  into  stationary  air.  Have  you  tested  the  accuracy  of  your  model  by  comparing  its 
predictions  with  measured  data’’ 


Author’s  Reply 

Yes,  with  successful  results. 


P.Ramette,  I  r 

Ne  pensez-vous  pas  que  I’introdiiction  de  la  vitesse  de  fair  dans  votre  modelisalion  modifiera  considerablement  les 
resultats.  en  particulier  pour  le  taux  d’evaporation  des  goultelettes'? 

■Author’s  Reply 

Not  neces.sarily.  The  heat  transfer  and  mass  transfer  characteristics  will  change  due  to  Reynolds  number.  However 
the  model  is  not  restricted  to  stationary  air.  If  air  movement  is  introduced,  it  will  affect  the  relative  velocities  ot  the 
droplets. 
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SOMMAIRE 


La  prediction  d*ecoulcnients  turbulents  reactifs  est  effectuee  a  I'aide  d*une 
methode  du  type  volumes  finis  Impliclte  en  temps.  Le  modele  de  combustion  turbulente 
permet  de  tralter  les  ecoulements  reactifs  pour  lesquels  la  rlchesse  n'est  pas  homo¬ 
gene  a  I'entree.  Le  maillage  utilise  pour  la  discretisation  spatlale  pent  etre  adapts 
a  n^importe  quel  conduit  plan  ou  axlsymetrlquc.  Les  resultats  numerlques  sont  du  point 
de  vue  qualltatlf  en  accord  avec  les  resultats  experlmentaux.  Par  ailleurs,  la  methode 
Impliclte  est  nettement  moins  couteuse  en  temps  de  calcul  que  la  methode  expllclte 
comportant  les  memes  modeles. 


PREDICTION  OF  TURBULENT  REACTIVE  FLOW 


SUMMARY 


Turbulent  reactive  flows  are  predicted  by  a  numerical  finite-volume  method 
which  is  Implicit  with  regard  to  Che  time.  A  model  of  Curbulenc  combustion  enables  to 
deal  with  reactive  flows  for  which  the  mixture  ratio  is  heterogeneous.  The  grid 
proceeding  from  the  spatial  discretization  can  be  applied  to  any  shape  of  plane  or 
axisymmetrlcal  duct.  Numerical  results  are  qualitatively  in  agreement  with 
experiments.  Moreover,  this  implicit  method  Is  less  expensive  than  the  equivalent 
explicit  one  concerning  the  time  needed  to  reach  the  asy'mptotlcal  regime. 


NOTATIONS 


» 

H 

P 

P 

R 

Sc 

X 

T 


AT 

X 


constante  du  modele  de  turbulence  de  sous-grllle 

chaleur  speclflque  a  presslon  constante 

coefficient  de  diffusion  de  masse 

enthalple  totale 

"lc'ip\ieur  de  melange" 

pre.s  =  1  o;i 

composante  longltudlnale  de  la  quantlte  de  mouvement 

composante  transversale  de  la  quantity  de  mouvement 

coordonnee  spatlale  transversale 

constante  de  I’equation  d’etat 

nombre  de  Schmidt 

temps 

temperature 

composante  longltudlnale  de  la  vltesse 
composante  transversale  de  la  vltesse 
coordonnee  spat  tale  longltudlnale 


Travaux  effectues  sous  contrats  DRET  et  SNECMA 


'y  :  fraction  massique  (  ^  ^  respect  1 vement  pour  les  especes  K,  0,  I) 

xiS  ;  taux  de  reaction 
Symboies  grecs 

0(  :  parametre  de  la  georaetrie  (Cf.  texte) 

P  :  coefficient  de  frottement  de  parol 
5*  :  aire  du  pic  de  Dirac  en  X<  “  0 
/\Q  :  chaleur  de  reaction 
^  :  masse  volumique 

:  constante  de  temps  du  modele  de  combustion  turbulente 

^  :  fraction  massique  d'une  espece  Inerte 

Autres  symboles 

*  :  moyenne  classlque 

.  :  moyenne  de  Favre 

j 

•  :  ecart  entre  valeur  Instantanee  et  moyenne 


1  -  INTRODUCTION 

Pour  mlnlralser  lea  dimensions  des  chambres  de  combustion,  en  particuller  dans  les  moteurs 
d^avlon,  les  transferts  de  masse,  d'^nergte  et  de  quantity  de  mouvement  dans  les  ecoulements  qul  y 
clrculent  dolvent  etre  les  plus  Aleves  possibles.  Aussl,  les  Ecoulements  reactlfs  sont  fortement 
turbulents  et  ont  souvent  une  gEooltrle  coraplexe  avec  recirculation.  C^est  pourquol  la  prediction 
numErlque  des  Ecoulements  dans  les  chambres  de  combustion  n’est  pas  simple  et  est  fonction  des  modules 
de  flux  et  taux  de  rEaction  turbulents.  NEanmoins,  celle^cl  est  d'un  grand  IntErEt  pour  dlmlnuer  les 

couts  de  conception  des  moteurs.  \ 

Le  prEsent  travail  consiste  en  une  methode  numErlque  de  prEdlction  d' Ecoulements  rEactifs  se 
developpant  dans  des  gEomEtrles  planes  ou  axisymEtriques  quelconques.  Cette  mEthode  est  adapcEe  pour 

calculer  les  flammes  premElangEes ,  avec  hEtErogEnEltEs  de  rlchesse,  stabillsEes  par  flamme  pllote  ou  par  t 

recirculation.  Les  calculs  peuvent  Etre  effectuEs  pour  un  large  domaine  de  vitesses  d’entrEe,  de  5  m/s 
(valeur  correspondant  aux  expErlences  de  GANJI  et  SAWYER  [1),  PITZ  et  DAILY  (2))  a  200  m/s,  valeur  a 
partlr  de  laquelle  on  risque  d'obtenlr  un  blocage  thermlquc. 

La  taethode  numErlque,  qui  est  Irapllcltc  en  temps  donne  I'Evolution  transltoire  de  I’Ecoulement 
mals  la  taille  du  pas  en  temps  et  les  modeles  de  turbulence  sont  compatibles  seulement  avec  le  regime 
asymptot ique .  La  discretisation  spatlale  est  falte  grace  d  une  mEthode  de  volumes  finis  dans  un  malllage 
adaptable  i  n'importe  quel  conduit  plan  ou  axisymet rique. 

2  -  EQUATIONS  DU  FR0BLE^tE 

Des  equations  de  bilan  sont  rEsoIues  sloultanement  pour  la  masse  totale,  la  quantltE  de 
mouvement  (dans  chaque  direction  de  I’espace),  I'enthalple  et  la  fraction  massique  de  chaque  espEce.  La 
moyenne  de  Favre  est  utlllsEe  a  cause  du  fait  que  la  combustion  rend  les  Ecoulements  trEs  fortement 
compressibles .  Les  Equations  sont  les  suivantes  : 

( 1 )  masse  totale  ^  (p  ^  ^ 


(2)  quantltE  de  mouvement  dans  la  direction  longitudlnale 

.1 


f  ^e- 


/  j  ^ 


=  o 


(3)  quantltE  de  mouvement  dans  la  direction  transversals 


it 


1  ■ 


I 


(4)  enthalpie 


3  I  -3 


hi 


(5)  fraction  massique  du  combustible 


\  ^ 
5 


(6)  fraction  massique  d'une  espece  inerte 


(7) 


L’eqoatlon  d'etat  s’Scrlt  : 


p  =  sKT,2R 


p  =  e 


e 


c 


I  X 
AX S-'U- 


De  faqon  classique,  on  utilise  un  paramStre  pour  fixer  la  g^ometrle  :  o<  •  0  — ►  conduit 
plan  ;  <X  *  1  conduit  axlsymetrique.  Les  flux  de  diffusion  mollculalre  sont  n^gllg^s  devant  lea 
flux  de  diffusion  turbulente.  Dans  la  quantity  H  sont  Indues  l*enthalple  physicochlmlque  et  l'§nergle 
cLn^tlque  : 


dH  =  CpolT^  ^cL(±^ 

la  chaleur  d§gag&e  dans  la  reaction  chlmlque»  et  Clp  ,  la  chaleur  sp^ciflque^  sont 
dans  un  soucl  de  slmpllf icati^  suppos^es  constant .  C^aj^rmet,  cn^rp  autres*  que  solent  vSrlfifees  les 
relations  <5^3t  ■=  2^  cPf  et  .  T  ,  la  temperature  ooyenne,  peut 

alors  als^ment  Itre  dedulte  S  partic  des  valeura  de  H  et  Vk  .  Dans  l*§quation  de  l|e^halpie  (^)» 
certalnes  correlations  de  vltesses  provenant  du  terme  d*4ncrgle  cinitique  ,  •••) 

sont  n^gllg^es  du  fait  que  :  Qj^  .  Avec  ces  hypotheses,  I’^quatlon  d'enthalple  ne 

contient  pas  de  terme  source  except^  ^  .  II  apparalt  que,  pour  des  conditions  aux  limites 

convenables  (conduit  adiabatlque) ,  lorsque  la  presslon  varle  lentement  dans  le  temps,  la  solution  est  : 
H  -  Cte.  Ainsl,  I'^quatlon  (4)  (comme  I'^quatlon  6)  n'appajc^t  pas  comme  une  Equation  prlmordlale  du 
systSme.  Par  centre.  Inequation  (5)  qui  contient  le  terme  w  provenant  de  la  rfeactlon  est  fortement 
coupXee  avec  les  Equations  (1),  (2)  et  (3)  par  1* Intens^dlaire  de  l*§quation  d'etat  (7). 

La  fraction  massique  d'oxydant  est  dedulte  de  l'€quatlon  (6)  dans  laquelle  la  quantity  4j. 
repr&sente  la  variable  de  Shvab-Zeldovlch  vVk  -  Vq  .  L* utilisation  de  cette  variable  suppose  que 
les  coefficients  de  diffusion  des  espSces  0  et  K  sont  Identiques  et  que  la  reaction  chlmique  ac  resume 
d  : 


K  +  V  0 - ►  Produita 

Cette  hypoth^se  est  compatible  avec  le  module  de  combustion  turbulente  pour  lequel  11  est 
supposi  que  le  melange  turbulent  eet  l*effet  preponderant  dans  le  pilotage  de  la  reaction.  Plusleurs 
equations  comme  (6)  sont  resolues  simultanement*  Leur  solution  depend  seulement  des  conditions  aux 
limites  qui  sont  specif iques  i  chacune  d'elles. 


3  -  MODELES  DE  TURBULENCE 


Lea  correlations  qui  apparalasent  dans  les  equations  de  bllan  dolvent  etre  modeilsees.  Les 
flux  de  diffusion  turbulente  aont  de  faqon  classlque  exprlmea  eti  fonctlon  des  gradletits  des  valeurs 
moyennes  : 
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(^CL-  it  ■x.^=x.  M.'^-  \}'^ 

CoBBfle  la  quantite  H  contient  le  terme  AP  ,  le  nombre  de  Lewis  turbulent  dolt  etre 
suppose  egal  i  1  pour  que  I'egallte  (9)  solt  v^rlflee. 

Selon  les  cas,  dlff ^rentes  hypotheses  de  fermeture  sont  conslder^es  ;  ces  hypotheses  tlennent 
dans  les  modules  alg^brlques  simples  sulvants  : 


-  module  de  longueur  de  melange 


(Sc') 


0.83 


Ce  modele  est  applique  aux  ecoulements  pour  lesquels  la  vltesse  transversale  est  en  tout  point  n§gli- 
geable  par  rapport  a  la  vltesse  longltudlnale  (done  sans  recirculation) 

i 


modele  de  soua-grllle 

(Mui- 


c  Ax  A\ 


On  a  pos§  pour  tenlr  compte  du  fait  que  cette  formule  a  StI  §tablie  seulement 
pour  une  geomitrle  bldlmenslonnelle  plane.  Seule  la  turbulence  dont  I'^chelle  est  Inflrieure  4  la  callle 
de  la  mallle  de  calcul  est  prise  en  compte  par  ce  module.  L'autre  parr.le  de  la  turbulence  est  censSe 
apparattre  sous  la  forme  dHnstabllltes ,  le  regime  asymptotlque  Itant  alors  Instationnalre. 


4  -  MODELE  DE  COMBUSTION  TURBULENTE 


Un  module  de  combustion  turbulente  a  ^te  itabll  avec  ces  hypotheses  : 

*-  la  rlchesse  est  partout  Inferleure  d  1, 

-  le  temps  caracterlstlque  de  la  chlmie  est  beaucoup  plus  petit  que  le  temps  caracterlstlque  de  la 
turbulence. 


Ce  modeie  a  et^  etabll  d 


dlt  lEM  [3 1  qul  suppose  que  Y 


partlr  du  module  lagranglen  d' interaction  par  §change  avec  la  moyenne 
satisfait  I'equation  sulvante  : 


,  ^K-yK  _  ^ 


Cette  equation  n'est  autre  que  I'^quatlon  de  bllan  : 


^  -  y 

dans  laquelle  le  terme  de  diffusion  a  $t^  modllis^  par  7k  ^ K 

% 

La  seconds  hypothSse  Impose  pour  \jj-  la  forme  repr€sentie  sur  la  figure  1. 


_  Conformement  i  la  premlire  hypoth^se,  I'oxydant  est  supposS  en  exces  de  sorte  que  Ic  minimum 
de  '  K  est  ziro.  La  valeur  maxlmale  de  aLt  est  supposle  grande  de  sorte  que  I'alre  contenue  sous 
la  courbe  /\Xt  (  )  *  u*'®  valeur  flnle. 


Etant  donn€^  la  forme  de  ,  on  peut  consldSrer  que,  pour  ^  O  ,  on  a  AAT 

?^r  contre  lorsque  devlent  positlf»  '  devlent  (gal  B  z(ro  »  dans  ce  dernier  cas,  aat 

vt~^K)/^y  valeurs  grandes  et  oppos(es  de  sorte  que  :  J / Xt  <<  - 

et  le  modde  lEM,  aIt  devlent  alors  (gal  (  •  Flnalement 


-  lorsque  0 

-  lorsque  =  0 


0. 

et 
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On  en  d^duit  que 


'Ty  est  une  echelle  de  teiaps  qul  est  suppos^e  reli§e  au  temps  caract^rlstlque  de  la  turbu¬ 
lence.  So  l*alre  du  pic  de  la  fonctlon  denaltS  de  probability  de  (notye 

Vk  *  0.  La  connalssance  de  'Clt  eat  subordonnye  I  celle  de  So  .  Pour  la  dytermlnatlon  de  S*  «  on 
Introdult  une  espdce  flctlve  Inerte  I  qul  eat  Injectye  exactement  dans  les  mymes  conditions  que  I'esp^ce 
combustible  K. 


Supposons  que  les  espdces  K  et  I  sclent  injectyes  avec  une  fraction  masslque  allant  de  %  I 
Yi  •  Dans  le  plan  /k  ,  particules  gazeuses  constituant  I'ycoulement  sont  repartles  sur 

deux  segments  [AB]  et  [CD]  (cf.  fig.  2). 


Etant  donny  que  la  chlmle  est  tr^s  raplde  et  oue  I'oxydant  est  en  excys,  les  particules  qul 
brulent  arrlvent  Immydlateraent  sur  le  segment  (AB]  ou  Yk  eat  nul  ;  d'un  autre  c$ty,  les  particules 
qul  se  myiangent  sans  brDler  se  deplacent  sur  le  segment  (CD]  ou  on  a  ;  Vj  >  •  La  fraction  de 
particules  qul  sont  sur  [AB]  est  naturellement  So  •  Solt  Pv  la  fonctlon  density  de  probability 
de  ;  on  a  : 


>'k 


Si  les  formes  de  la  distribution  des  particules  sur  cbacun  des  segments  [AB]  et  [CD]  sont  les 
memes ,  on  a  aussl  : 


Py.«) 


Conme,  sur  le  segment  [CD],  Y\(  est  ygal  A  Y^ 

f  S,  Yj  o 


Ld)i 


»aut  1  et  finalement  : 


[C»] 


Le  taux  de  ryactlon  aoyen  peut  alors  ^tre  exprlmi  : 

r,\  yj 


^  eat  calcuiy  3  partlr  d'une  yquatlon  de  btlan  Identlque  3  I'yquation  (6)  et  ayant  mymea 
conditions  aux  Unites  que  I'yquation  <3)«  On  peut  norer  que  lor’fque  la  conbuatlble  eat  injecty  avec  une 
fraction  masslque  unique  et  constante  ,  ce  nod3le  simple  de  combustion  turbulente  ae  rydult  au 
nod31e  blen  connu  dynomay  "Eddy  break  up"  : 

&  =  (4-7.) 


En  effet,  dans  cc  cas,  la  solution  de  I'yquation  de  bllan  pour  Yj  est  ^  s.  Xm. 
tout  point. 

A  dyfaut  d' information  aur  "Ty  »  ce  tempa  caractyriatiquc  est  posy  proportlonnel 

5  -  CONDITIONS  INITIALES  ET  AtfX  LIHITES 

•  Lea  condltlona  Inltlalaa  aont  I'itat  du  gaz  au  repos.  La  bIsc  en  aouveMiit  eat  obtenue  par  une  augaen- 
tatlon  progressive  de  Is  presslon  d'srrtt  saont. 

.  Dsns  la  section  d'entris,  on  lapose  las  quantltCs  sulvsntss  : 

-  I'snthalpls, 

-  Is  fraction  aasslqua  da  chaqua  aspics  chlalqua, 

-  la  prasslon  d'srrit  ou  la  flux  de  aasas. 


{ 


\ 


» 
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AvanC  I'alluaage,  c'est  la  presalon  d'arr§t  qul  eat  Inpoa^e.  Durant  I'allumage,  11  eat  n^ceasalre 
d'lmpoaer  le  flux  de  masse  dans  chaque  cellule  de  la  section  d'entr^e  pour  y  ^vlter  des  courants  de 
retour. 

A  la  sortie,  on  Impose  : 

-  la  presslon  statlque,  ^  ^ 

~  les  gradients  de  chaque  quantity  scalaire  (  H  ,  *•••)  qul  sont  malntenus  nuls. 

A  la  parol,  on  impose  un  transfert  de  chaleur  solt  nul  (conduit  adiabatlque)  solt  proportlonnel  A  une 
certalne  difference  de  temperature.  La  contralnte  vlsqueuse  3  la  parol  est  exprlmee  de  la  fa^on 
sulvante  : 


<r  = 


i 


:  Vitesse  dans  une  cellule  limlt^e  par  la  parol, 

Ae  :  longueur  entre  le  centre  de  la  cellule  ec  la  parol. 


9  uh  coefficient  Inferleur  3  1  qul  est  fonction  du  nombre  de  Reynolds  base  sur  la  tallle  de  la 
cellule.  Ce  coefficient  est  necessalre  pour  prendre  en  compte  le  fait  que  la  sous-couche  vlsqueuse  a  une 
Ipalsseur  blen  Inferieure  3 


6  -  RE SOLT ATS 


La  figure  3  presence  les  resultats  obtenus  avec  des  donnles  correspondant  aux  experiences  de 
PITZ  et  DAILY  [1].  Sur  la  partle  superleure,  on  a  le  champ  de  vltesse  correspondant  3  I'^coulement  non 
rdactlf,  sur  la  partle  Inferieure,  le  champ  de  vltesse  correspondant  a  I'^coulement  stabilise  en 
combustion.  La  vltesse  moyenne  amont  est  5  m/s.  La  rlchesse  est  supposes  constante  3  I'entree  et  la 
temperature  de  fin  de  combustion  est  1600  K.  Le  mod3le  de  turbulence  est  le  plus  simple  : 

-  2.10“^  kg/ms.  Cette  valeur  de  2  x  10*3  kg/ms  est  celle  qul  donne  la  meme 
longueur  de  recirculation  pour  I'ecoulement  non  reactlf  que  dans  Inexperience.  Par  allleurs,  le 
frottement  3  la  parol  eat  suppose  sieve.  Coome  on  l*observe  dans  Inexperience,  la  zone  de  recirculation 
est  plus  petite  dans  le  cas  de  la  combustion.  On  peut  penser  que  cela  est  du  3  I'expanslon  des  gaz 
chauds.  Neanmolns,  la  recirculation  calcuiee  eat,  pour  l*ecoulement  en  combustion,  de  tallle  Inferieure 
3  celle  qul  est  observes  dans  Inexperience.  Cela  peut  s*expllquer  par  le  fait  que  le  calcul  de 
I'ecoulement  reactlf  a  ete  realise  avec  la  meme  valeur  de  la  vlscoslte  turbulente  que  pour  I'ecoulement 
non  reactlf.  Or,  PITZ  et  DAILY  ont  mis  en  evidence  le  fait  que  la  repartition  de  la  turbulence  est 
fortement  modlfiee  par  la  combustion. 

La  figure  U  presente  les  llgnes  Isothermes  obtenues  avec  des  donnles  correspondant  3  un  foyer 
de  rlchauffe  3  deux  accroche-^f lammes  toriques  (gloraetrle  axlsymltrlque) ,  les  nlveaux  de  vltesse  et  de 
temperature  d'ecoulement  Itant  reallstes.  La  rlchesse  3  I'entree  est  supposes  constante  et  la  templra* 
ture  de  fin  de  combustion  correspond  a  un  mllange  global  stoechlometr^que.  L.*'  modele  de  turbulence  est 
le  modele  de  longueur  de  mdlange  sauf  au  volslnage  des  accroche-flammes.  Le  frottement  3  la  parol  est 
suppose  falble.  Le  rendement  de  combustion  en  fonction  de  la  distance  derrlere  les  accroche-f larames, 
qu'il  est  possible  de  dedulre  de  ces  courbes,  semble  correspondre  3  la  reallte. 

La  figure  5  prisente  lea  courbes  Isothermes  dans  un  Icoulement  rlactlf  stabilise  par  flamme 
pilote  (glomitrle  plane).  L'adaptation  du  moddle  de  combustion  prisenti  cl-dessus  3  ce  type  de  stablll~ 
satlon  est  aisle.  Les  conditions  d'entrle  sont  les  sulvantes  : 


pour  le  mllange  air'combustlble  frals  : 

^  *  0^05  (combustible) 

■  0,05  (espice  Inerte  flctlve), 

-  pour  lea  gaz  chauda  de  la  flamme  pilote  : 

Xc *  0  (combustible), 

0,05  (espice  Inerte  flctlve). 

Lea  gaz  chauds  de  la  flamme  pilote  sont  conaldirls  comme  une  partle  de  I'Icoulement  principal 
qul  a  Itl  prilevie  puis  brOlle  complltemcnt  avant  d'ttre  Injectle  dans  la  section  d'entrle. 

Les  figures  6  et  7  prisentent  respectlvement  le  champ  de  vltesse  et  les  llgnes  isothermes  pour 
un  Icoulenent  rlactlf  stabilise  par  recirculation  dans  une  cavitl.  Dana  ce  cas,  a  Itl  pria 

constant.  La  viteaae  moyenne  et  la  temperature  aaont  sont  respectlvement  170  m/s  et  525  K.  A  la  sortie, 
ces  grandeurs  passent  respectlvement  3  340  m/s  et  1150  K. 


Par  allleurs,  des  essais  mimlriques  ont  lt€  tentls  avec  le  modlle  de  turbulence  de  aous'' 
grille.  Dee  mouvemente  du  gaz  sont  obeervie  ;  cependant,  on  ne  peut  pas  encore  ttre  sflr  que  ces 
mouvements  sont  dfls  aux  grandcs  Ichcllcs  de  la  turbulence  car,  avac  une  viacoeiti  turbulente  falble, 
I'lvolution  tranaitoirc  peut  Itre  tellcmcnt  longue  que  le  rlgime  aeymptotique  peut  ne  pae  avoir  Itl 
attaint  au  court  de  ces  essais  numiriquas. 


7  -  CONCLUSION 


La  m^thode  num§rlque  Impllclte  permet  dans  le  cas  gSn^ral  d'atteindre  le  regime  asymptotique 
des  §coulements  rSactlfs  avec  un  temps  de  calcul  relativement  court.  Par  allXeurs,  la  stabilisation  cat 
obtenue  avec  plus  de  precision  que  par  les  m^thodes  explicitea  (pas  de  fluctuation  nuo^rique). 

Le  module  de  combustion  turbulente  eat  simple  mais  plus  g^n^ral  que  le  noddle  “Eddy  break  up“ 
souvent  uttllsd.  11  ne  ndcessite  qu'une  equation  de  bllan  auppldmentalre  pour  une  espdce  Inerte. 

Les  rdsultats  numdrlques  sont  du  point  de  vue  qualltatlf  en  accord  avec  les  experiences. 
Cependant,  pour  lea  ecoulements  presentant  des  recirculations,  11  semble  ndcessalre  d'lntroduire  un 
moddle  de  turbulence  »(-*£  ,  ce  qul  comporte  certalnes  difflcultds,  les  equations  pour  4.  et 

etant  trds  fortement  coupldes. 

Par  allleurs,  I'un  des  avantagea  du  code  de  calcul  est  que  chaque  cellule  du  domalne  de  calcul 
peut  d  volontd  Jouer  le  rdle  d'un  obstacle  sollde  ou  lalsser  le  passage  a  I'ecoulement.  Cela  i>ermet 
I'adaptatlon  facile  d  dlverses  gdometrles. 
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DISCUSSION 


N.Sel^uk.  Tu 

Have  you  done  a  quantitative  comparison  between  the  results  of  your  model  and  experimental  data.' 

Have  you  neglected  the  radiative  energy  in  your  enthalpy  balance,  and  do  you  have  comparisons  for  temperature'.' 

Reponse  d' Auteur 

Nous  avons  determine  des  rendements  de  combustion  qui  se  recoupent  a  5%  pres  avec  des  mesures  faites  sur  un 
canal  de  rechauffe.  D’autre  part  des  mesures  de  vflocimetrie  laser  effectuees  dans  une  flamme  derriere  une  marche 
sont  en  accord  avec  les  calculs,  en  particulier  pour  la  longueur  de  la  zone  de  recirculation. 

Nous  avons  neglige  les  transferts  radiatifs.  En  effet  les  llux  de  diffusion  turbulenie  sont  preponderants  par  rapport 
aux  llux  radiatifs.  Nous  n’avons  pas  effectue  de  mesures  de  temperature. 


P.Ramette,  Fr 

Avez-vous  essaye  votre  programme  de  calcul  avec  un  maillage  non  rectangulaire.  pour  mieux  prendre  en  compte 
des  obstacles  a  I’interieur  de  I'ecoulement.  par  exemple  dans  le  cas  d’un  accroche-flamme'’ 

Reponse  d’Auteur 

Malheureusement  non.  Une  des  limitations  de  ce  code  de  calcul  est  qu'il  utilise  neces.sairemeni  un  maillage  rec¬ 
tangulaire. 

J.Fabri 

En  augmentant  le  nombre  de  mailles  on  peut  pratiquement  decrire  n'importe  quel  type  d'obstacle. 


P.Hebrard,  Fr 

Est-ce  que  vous  utilisez  la  meme  viscosite  turbulente  dans  le  cas  avec  combustion  et  sans  combustion .’ 

Pensez-vous  ^tendre  ce  modele  au  cas  d'ecoulements  diphasiques? 

Reponse  d’Auteur 

Oui.  et  c’est  la  raison  pour  laquelle.  si  on  n'utilise  pas  le  modele  de  longueur  de  melange,  la  recirculation  avec 
combustion  n’a  pas  la  bonne  longueur.  Effeclivement.  plus  que  les  transferts  radiatifs.  c'est  surloul  le  modele 
de  viscosite  turbulente  qui  doit  etre  amelior^. 

II  est  sans  doute  necessaire  d’etendre  le  modele  au  cas  des  ecoulements  diphasiques.  Par  exemple.  dans  le  cas  des 
canaux  de  rechauffe,  il  est  probable  que  le  combustible  n’est  pas  completement  evapore  dans  la  zone  des  accroche- 
flammes. 


R.Monti.  It 

Can  you  explain  why  an  implicit  method  is  faster  than  an  explicit  method? 

le  pas  en  temps  CEL.  Comme  la 
facteur  40,  mais  une  methode 


Reponse  d'Auteur 

Dans  une  methode  implicile,  le  pas  en  temps  peut  etre  40  fois  plus  grand  que 
resolution  d'un  pas  en  temps  en  implicite  est  plus  grande,  on  ne  gagne  pas  un 
implicite  peut  etre  5  a  1  5  fois  plus  rapide  qu’une  methode  explicite. 
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at1  ons  are  presented  to  predict  the  performance  of  an  alternative  fuel 
in  a  conventional  gas  turbine  combustor.  Existing  data  for  fuel  effects  on  the 
Detroit  Diesel  Allison  TF4I  combustor,  a  can-annular  burner,  are  correlated  ivitn 
the  semi -empi ri cal  characteristic  time  model.  The  correlations  are  used  to  predict 
the  ignition,  stability  and  combustion  efficiency  performance  of  a  proposed 
alternative  fuel,  the  AGARD  Research  Fuel,  in  the  TF41  combustor.  Compared  to 
standard  NATO  F-40  and  F-35  fuels  the  alternative  fuel  will  provide  similar 
combustion  efficiency  levels,  reduced  flame  stability  and  significantly  degraded 
ignition  performance. 


NOMENCLATURE 


a  Empirically  selected  weighting  factor 

b  Pre-exponential  factor 

dcomb  Combustor  diameter 

dg  Sauter  mean  diameter 

dq  Spark  kernel  diameter 

E  Activation  energy 

Mixing  length  for  CO 
Quenching  length 
R  Universal  gas  constant 

Tgjjf,  Combustor  exhaust  temperature 

Tjp  Combustor  inlet  temperature 

T^  Temperature  for  combustion  efficiency  kinetics 

T^.^  Stoichiometric  adiabatic  flame  temperature 

Vpgp  Combustor  reference  velocity 

S  Evaporation  coefficient 

bj.  Combustion  efficiency 

Pg  Gas  phase  density 

Tgj,  Droplet  evaporation  time 

Kinetic  time  for  ignition  and  lean  blowoff 
Tjj  Mixing  time 

T  Kinetic  time  for  combustion  efficiency 

n 

♦  Equivalence  ratio 


INTRODUCTION 

The  introduction  of  alternative  fuels  and  the  relaxation  of  fuel  property  specifications  of  current 
fuels  are  areas  of  concern  for  the  gas  turbine  community  because  changes  in  fuels  or  fuel  properties 
raise  questions  regarding  engine  performance.  Although  the  importance  of  specific  fuel  properties  on 
the  performance  of  an  engine  may  be  known  qualitatively  (front  end  boiling  points  on  ignition  and  carbon 
to  hydrogen  ratio  (and/or  aromatics)  on  soot,  for  example)^'^,  quantitative  understanding  for 
determining  the  effects  of  new  and  previously  untested  fuels  is  often  lacking.  In  this  paper,  calcula¬ 
tions  are  presented  for  gas  turbine  engine  performance  predictions  in  the  areas  of  ignition,  lean 
blowoff  and  combustion  efficiency  for  an  alternative  fuel.  Calculations  are  also  made  for  standard 
fuels  for  which  performance  data  are  available  to  establish  the  validity  of  the  predictions. 

The  combustion  system  for  which  the  predictions  will  be  made  is  the  Detroit  Diesel  A'lison  TF41. 
The  TF41  is  a  turbofan  engine  which  features  a  ten  can  can-annular  combustion  chamber.  Fuel  is 
Introduced  with  ten  dual-orifice  pressure  atomizing  nozzles  and  ignition  Is  achieved  with  .surface  dis¬ 
charge  plugs  located  in  two  cans.  Further  details  of  the  engine  can  be  found  elsewhere’.  JTie  TF41 
experimental  data  used  in  this  paper  were  obtained  from  single  can  rig  tests  by  Vogel  et  al**’.  In 
their  study,  two  fuels,  JP-4  (F-40)  and  JP-8  (F-35),  were  used  and  blends  of  each  of  these  fuels  with 
different  components  were  also  tested  to  provide  a  total  of  twelve  test  fuels. 


Cnaracterisitic  Time  Model 


The  characteristic  time  model  will  be  used  to  predict  the  performance  of  the  TF41.  This  model  was 
selected  for  two  primary  reasons.  The  model  is  relatively  simple  to  employ;  the  important  physical 
processes  are  determined  and  computed  through  times  (evaporation,  kinetic  and  mixing,  for  example)  which 
are  representat  i  ve  of  the  processes.  Also  this  approach  has  previously  been  shown  to  work  well  for 
correlating  emissions  data,  ignition  and  lean  blowoff  Ji^its,  and  combustion  efficiency  data  from  both 
fundamental  experiments  and  actual  gas  turbine  hardware”'^. 


The  times  of  importance  for  this  work  are  listed  in  Table  1.  The  turbulent  mixing  time  is 
estimated  by  a  length  scale  divided  by  the  combustor  reference  velocity.  The  evaporation  time  is  given 
by  the  square  of  the  Sauter  inean  diameter  {estimated  from  empirical  relations)  divided  by  the 
evaporation  coefficient.  Finally,  kinetics  are  taken  into  account  by  Arrhenius  expressions.  The 
similarities  and  differences  of  these  times  for  ignition,  lean  blowoff,  and  combustion  efficiency  will 
be  described,  along  with  the  model  formulations  for  each  case,  in  the  following  sections. 


Ignition 

For  ignition  to  occur  in  a  gas  turbine  engine,  the  rate  of  heat  release  (which  is  controlled  first 
by  the  evaporation  of  the  fuel  and  then  by  chemical  kinetics)  rmst  exceed  the  heat  loss  rate  (controlled 
by  turbulent  mixing)  from  the  spark  kernel.  Therefore*  in  terms  of  the  characteristic  time  model,  the 
Ignition  limit  Is  given  by 


St 


he 


eb 


(1) 


wfiere  the  proportionality  and  the  constant  weighting  factor,  a,  are  necessary  because  the  times  are 
simply  estimates  of  the  processes  involved  and  are  not  expected  to  be  quantitatively  exact. 


fts  noted  in  Table  1,  the  length  scale  for  ignition  is  the  spark  kernel  diameter,  defined  as  the 
diameter  of  a  sphere  which  would  be  heated  to  the  stoichiometric  adiabatic  flame  tewerature  by  the 
spark  energy.  Also  from  Table  1,  the  droplet  evaporation  time  is  computed  from  the  "d'^-law"^^  and  the 
drop  site  is  calculated  from  an  empirical  equation".  Dividing  the  evaporation  time  by  the  equivalence 
ratio  takes  into  account  the  fact  that  adding  more  fuel  (more  drops)  decreases  the  time  it  takes  for  a 
given  amount  of  fuel  to  reach  the  vapor  phase.  Finally,  for  the  kinetic  time,  b  =  lO"^,  Z  =  26,100 
cal/mole  and  p  is  the  gas  phase  density  in  kg/m-*.  For  details  on  the  derivations  of  these  terms,  see 
Peterses  ^ 


The  TF41  ignition  data  include  sea  level  start  and  altitude  relight  data  at  a  flight  Mach  number  of 
0.6.  These  data  are  used  to  calculate  the  terms  in  Eq.  (1)  and  the  results  are  shown  in  Fig.  1  where  a 
least  squares  fit  line  and  one  standard  deviation  about  that  line  are  included.  (The  weighting  factor 
of  0.021  was  selected  from  previous  work'"^.)  The  fit  is  statistically  good  (r  >  0.9)  although  the 
correlation  does  not  pass  through  the  octgin  as  the  model  suggests  it  should.  The  large  intercept  on 
the  ordinate  has  been  observed  by  others^'’  and  is  believed  to  be  caused  by  significant  amounts  of  energy 
not  participating  in  the  ignition  process  due  to  losses  In  the  ignition  circuit.  One  other  point  of 
interest  is  that  the  equivalence  ratio  (at  the  spark  gap)  that  appears  in  Eq.  (1)  and  in  the  kinetic 
time  was  previously  found  to  be  constant  for  can  type  combustors  (and  assumed  equal  to  one).  This 
approach  is  verified  here  because  no  correlation  could  be  found  by  letting  ^  vary  with  the  primary  zone 
equivalence  ratio;  Fig.  1  is  a  result  of  setting  the  equivalence  ratio  at  the  spark  gap  equal  to  one. 

The  best  fit  line  separates  the  figure  into  two  regions,  ignition  and  no  ignition.  If  an  engine  is 
operating  in  the  upper  left-hand  portion  of  the  figure,  ignition  is  possible.  The  ignition  limit  is 
approached  by  moving  horizontally  (Increasing  the  evaporation  time  hy  increasing  drop  size  or  decreasing 
volatility,  for  example)  or  vertically  (decreasing  the  mixing  time  by  increasing  the  reference  velocity 
or  decreasing  the  ignition  energy). 


Table  1  Characteristic  Times 
Definitions 


Time 

Meaning 

Ignition 

Lean  Blowoff 

Efficiency 

Mi  xi  ng 

-^q'Vef 

t  /V  . 

CO  ref 

t  /V  , 

CO  ref 

Evaporation 

d^/8 

d^/6 

d^/B 

ki  netics 

b  exp(E/RT^  , ) 

9*  1 

b  exp(E/RT  , ) 

Pg  * 

♦ 

b  exp(E/RT  ) 

T 

kinetics 

— 

n 

f^-ise-1  on  tne  igniMon  corr^^l  at  i  on  in  I,  ignition  limit  calculations  can  now  be  'nade.  This 
paper  will  focus  on  the  three  fuels  listed  in  Table  ?.  ’’he  Je-4  (F-40)  and  J^-3  (F-35)  fuels  will  he 
included  in  the  ca  Icu  1  at  i  ons  to  acc  as  a  cof^iparison  of  tne  wdel  with  a^ailahle  data  and  as  a  comparison 
to  the  predicted  performance  of  an  alternative  fuel,  the  AGARO  Research  Fuel  (ARF).  Generally  speaking, 
jP-4  (p-4ii)  the  "lightest"  fuel  as  indicated  hy  the  lower  boiling  points  and  viscosity.  ARF  is  a 
representati  ve  of  possible  future  alternative  fuels  with  higher  boiling  points,  higher  viscosity  and 
lower  hydfigen  content.  ARF  properties  were  defined  by  the  Propulsion  and  Fnergetics  Panel  Wording 
Group  1-3  as  a  proposed  test  fuel. 

The  fuel  properties  in  Table  2  were  used  in  conjunction  witn  the  correlation  of  Fig.  1  to  determine 
the  percent  decrease  in  drop  size  required  to  achieve  ignition  for  JP-ri  (F-3S1  and  ARF  compared  to  the 
JP-4  baseline  fuel;  the  results  are  shown  in  Fig.  ?,  As  in  a??  tne  predictions  ^or  this  paper, 
the  sea  level  calculations  were  performed  for  idle  inlet  conditions  and  the  altitude  ca1:u1at1ons  for  a 
Mach  number  of  O.h,  The  graph  clearly  indicates  that  the  atomijation  quality  has  ti  'oprove  ^or  t^e 
"heavier"  fuels  to  ignite.  In  other  words,  to  obtain  the  evaporation  rate  required  for  ignition,  the 
drop  sizes  of  JP-3  (F-35)  and  ARF  must  decrease  to  compensate  for  tneir  lower  volatilities.  The 
improvements  required  in  atomization  quality  is  largest  at  the  idle  condition  and  nearly  constant  at  the 
various  altitudes. 


Table  2  Fuel  Properties 


Property 

jp.a  (f-40)* 

JP-8  (r-35)' 

49F‘* 

Density  at  P1®C,  q/cm^ 

0.750 

n.ao; 

o.aoo 

Viscosity  at  cs 

0.9a 

1.94 

3.75 

Surface  Tension  at 

dynes/cm  23,7 

?6.9 

35.3 

Hydrogen  weight  % 

14.4 

13.9 

13.2 

Lower  Heating  Value,  HJ/kg 

43.5 

43.1 

43 

lot  hoi  1 ing  poi nt,  K 

360 

451 

478 

50%  hoi  1 1 ng  poi nt,  K 

438 

499 

525 

Fuef  ^opertf'es  listed  are  for  the  ignition  and  lean  blowoff 
tests.  The  fuels  for  the  combustion  efficiency  tests  had 
slightly  different  properties.  See  Ref.  4  for  details. 
Properties  not  included  in  the  ARF  specification  were  estimated. 


Figure  I  TFAl  ignition  correlation  (data  from 
reference  41 


Figure  2  Predictions  of  the  decrease  in  drop 
size  required  for  ignition  capabil¬ 
ities  equivalent  to  JP-4  (F-4ni 


The  i mproveiTient  in  dto:ipVdtion  indicated  in  Fig,  ?  is  sunstantial.  This  is  illustrated  in  Ftj.  3 
where  the  predicted  primary  zone  equivalence  ratio  required  for  ignition  (assuming  all  the  fuel  flows 
through  the  pilot  nozzle  which  would  give  the  best  atomization)  is  plotted  against  altitude.  The  stan¬ 
dard  deviation  of  the  correlation  in  Fig.  1  was  used  to  determine  the  “error  bars'*  on  the  JP-4  'F-40'' 
calculations,  Thi';  provides  an  indication  of  the  accuracy  of  the  model.  Since  the  employs  a 
pressure  atomizing  nozzle,  to  decrease  drop  size  fuel  flow  must  increase.  In  addition,  jP-8  (F-3S1  and 
/\RF  are  more  viscous  than  JP-4  (F-40)  and  this  requires  a  further  increase  in  fuel  flow  to  reduce  the 
drop  size.  The  net  result  is  that  the  fuel  flow  rate  required  for  ignition  with  an  alternative  fuel 
such  as  ARF  is  significantly  higher  than  the  flowrate  required  for  a  standard  fuel  such  as  JP-4 
(F-40),  In  fact,  the  fuel  flow  rate  requited  to  achieve  the  drop  sizes  and  primary  zone  equivalence 
ratios  required  for  ARF  is  so  high  that  it  cannot  be  reached  due  to  fuel  pressure  limitations.  This 
indicates  that  for  the  TF41  to  accommodate  ARF  and  retain  the  same  ignition  capabilities,  changes  m  the 
fuel  injection  system  would  be  required. 


Lean  Blowoff 

Flame  stabi lization  (or  lean  blowoff)  and  ignition  are  similar  phenomena.  In  both  cases,  a  fuel 
and  air  mixture  must  be  heated  so  that  the  fuel  evaporates,  mixes  with  the  air,  and  chemical  reactions 
begin  at  a  rate  sufficient  for  establishing  a  flame.  The  difference  between  ignition  and  flare 
stabilization  is  the  energy  source  which  initiates  combustion,  hot  recirculating  gases  for  flame 
s tabi 1 i zat i on  and  a  spark  for  ignition.  Consequently,  it  is  not  surprising  that  tne  formulation  of  to«= 
characteristic  time  model  for  lean  blowoff  is  very  similar  to  the  ignition  model.  The  lean  blowoff 
model  is 


"sil  ^hc  ^  ^eb 

where  the  definitions  of  the  terms  can  be  found  in  Table  1, 


The  length  scale  for  the  mixing  time  is  selected  as  the  length  scale  for  CO  emissions,  definei 


I  =  [ti'^  1 

CO  comb  q 


where  the  quench  length  is  chosen  as  the  axial  distance  from  the  fuel  injectcir  to  the  primary  air 
addition  jets.  The  droplet  lifetime  is  defined  as  before  and  for  the  kinetic  time  the  pre-exponential 
factor  is  10*^,  the  activation  energy  is  21,000  ca1/mole  and  the  equivalence  ratio  is  evaluated  as  the 
primary  zone  equivalence  ratio.  The  "prime”  denotes  that  the  times  are  multiplied  by  the  temperatjre 
ratio,  accounts  for  the  acceleration  of  the  flow  due  to  the  heat  release  ir  tne  primary 
zone  and^is  included  on  the  right-hand  side  of  the  equation  to  remove  c'remistry  effects  from  the  mixing 
time.  For  further  details  see  Ref.  B. 


The  TF41  lean  blowoff  data  were  obtained  at  the  same  inlet  conditions  as  the  ignition  data,  ''ne 
terms  in  Eq.  {2}  were  calculated  from  the  blowoff  data  and  are  shown  in  Fig.  4.  Also  included  m  this 
figure  are  data  from  two  single-can  combustors,  the  Detroit  Diesel  Allison  Tf)3  and  the  Avco-Lycomi ng 
AGT  1500.  The  additional  data  were  included  because  of  the  rather  narrow  range  of  the  TF41  data.  Witn 
the  weighting  factor  of  0.033  chosen  to  give  the  best  fit,  the  correlation  is  not  as  good  as  the 
ignition  correlation,  but  certainly  statistically  significant.  The  weighting  factor  and  slope  show^  ’ 
Fig.  4  are  different  then  those  found  elsewhere",  but  this  is  to  be  expected  because  the  evaluation 
fuel  properties  in  this  pager  was  based  on  the  10  percent  boiling  point  rather  than  the  50  percent  point 
used  by  Leonard  and  Mellon^.  The  10  percent  point  was  selected  to  make  the  calculations  consistent  witn 
the  ignition  work  where  the  lighter  fractions  of  the  fuel  are  known  to  be  more  i'nportant  in  the  ignition 
process.  While  Fig  4  Indicates  that  the  10  percent  point  can  also  be  used  for  lean  blowoff.  tne 

previous  correlation^,  based  on  the  50  percent  point,  may  be  somewhat  better  (lower  interceQt  on  the 
ordinate,  but  still  not  zero). 


Figure  4  is  interpreted  in  a  manner  similar  to  Fig.  1.  The  regions  of  stable  and  unstable 
operation  of  the  combustor  are  separated  by  the  best  fit  line  which  represents  the  lean  limit.  From  a 
stable  operating  point,  one  moves  towards  the  limit  by  decreasing  the  primary  zon  equivalence  rati** 
(increasing  t’  )  or  decreasing  the  fuel  volatility  (increasing  f'  ),  for  example.  Increasing  the 
reference  velocity  would  result  in  a  decrease  In  and  again  the  llfn  limit  would  be  approached. 

Based  on  the  correlation  in  Fig,  4  the  primary  zone  equivalence  ratios  at  blowoff  were  predicted 
for  the  TF41  and  the  three  fuels  listed  in  Table  2;  the  results  are  presented  in  Fig.  5.  Included  m 
the  figure  are  the  actual  data  from  the  TF41  for  JP-4  (F-40)  and  JP-8  (F-35),  The  trends  of  the  model 
are  validated  by  the  data  althou^  in  some  cases  there  is  disagreement  between  the  measured  and 
calculated  values.  Rased  on  the  scatter  of  the  correlation  in  Fig.  4,  this  is  to  be  expected. 


One  can  see  that  the  heavier  fuels  are  less  stable  {require  a  higher  primary  zone  equivalence 
ratio)  than  the  lighter  fuels.  This  difference  is  most  pronounced  at  the  higher  altitudes  wtfh  little 
difference  occurring  at  the  sea  level  condition.  Based  on  these  results,  an  alternative  fuel  with 
properties  similar  to  ARF  will  be  significantly  less  stable  at  high  altitude  although  the  effect  of  fuel 
type  on  lean  blowoff  is  not  as  large  as  it  is  for  ignition.  This  is  partially  due  to  the  fact  that 
droplet  evaporation  is  not  as  critical  a  factor  for  lean  blowoff,  as  discussed  below. 


For  the  ignition  results,  a  plot  conparing  the  change  n  drop  size  required  for  equivalent  ignition 
performance  of  the  fuels  was  presented.  This  indicated  the  dominance  of  evaporation  as  the  controlling 
step  in  ignition.  However,  a  plot  of  the  drop  size  at  the  lean  blowoff  limit  for  ARF  and  J'"  4  (F-40)  in 
Fig.  6  shows  that  at  the  lower  altitudes  ARF  has  the  larger  drops.  At  the  lower  altituci-'S  where  the 
flame  is  more  stable,  relatively  small  fuel  flows  are  required  for  both  fuels  and  since  the  viscosity  is 
larger  for  ARF  the  drop  sizes  for  ARF  are  found  to  be  larger.  For  the  higher  altitude  cases  which  are 


r.iTiary  Zcne  Eiyuivoler-'ce  Rotn:-  Primary  Zone  Equivalence  Ratio 


less  stable,  more  fuel  is  required  for  ARF  than  for  JP-4  (F-40)  and  consequently,  the  drop  size  for  ARF 
is  smaller  than  the  drop  size  for  JP-4  (F-40).  Therefore,  drop  size  changes  (or  evaporation  rates  ) 
alone  do  not  characterize  the  lean  limit  performance  but  both  kinetics  and  evaporation  are  important. 
The  important  point  is  that  the  characteristic  time  model  includes  both  kinetics  and  evaporation  and  by 
using  the  model  the  important  parameters  for  the  problem  of  interest  can  be  determined. 


COMBUSTION  EFFICIENCY 


When  evaporation  effects  are  negligible,  the  process  which  controls  gas  turbine  combustion 
efficiency  is  the  mixing  of  CO  and  hydrocarbons  out  of  the  hot  shear  layers  before  complete  combustion 
occurs  and  into  cooler  regions  of  the  combustor  where  they  are  quenched.  In  terms  of  the  characteristic 
time  model  this  means  that  combustion  inefficiency  should  be  proportional  to  the  ratio  of  the  kinetic 
and  mi  xi  ng  times, 


When  evaporation  is  slow  Leonard  argued  that  the  longer  life  (and  trajectory)  of  the  drops  can 
cause  the  addition  of  more  CO  and  hydrocarbons  into  the  cooler,  quenching  regions^.  With  this 
additional  contribution  to  combustion  inefficiency  the  model  becomes 


(I  -  n^)  ~  (t/TjP/d  +  a  (5) 

The  mixing  and  evaporation  times  are  shown  in  Table  1  to  be  the  same  as  those  used  for  lean  blowoff 
although  for  combustion  efficiency  the  fuel  properties  are  evaluated  at  the  50  percent  boiling  point. 
For  the  kinetic  time  the  pre-exponential  factor  is  10"'^,  the  activation  energy  is  4500  cal/mole  and  the 
temperature  is  a  weighted  average  between  the  inlet  and  exhaust. 


T  =  0.9  T.  +■  0.1  T  .  . 
n  in  exh‘ 


Q 

Details  on  the  derivations  of  these  terms  can  be  found  elsewhere  . 


(6) 


With  combustion  efficiency  data  from  Vogel  et  al.^  at  four  run  conditions  (idle,  cruise,  dash  and 
takeoff)  and  Eg.  5,  the  correlation  shown  in  Fig.  7  was  generated  for  the  TF41.  The  weighting  factor  of 
0.05  was  obtained  from  Lejonard’  and  the  slope  of  the  correlation,  3.4,  compares  favorably  with  the  slope 
of  3.2  found  by  Leonard  ’  for  tnree  other  engines.  Again,  scatter  Is  evident  about  the  best  fit  line 
but  the  correlation  coefficient  indicates  a  statistically  significant  fit. 


Based  on  the  correlation  in  Fig.  7,  combustion  efficiency  predictions  were  made  for  ARF  and  are 
presented  in  Fig,  8  with  calculations  for  JP-4  (F-40)  and  JP-8  (F-35).  As  before  the  "error  bar" 
indicates  the  range  of  predicted  efficiency  based  on  one  standard  deviation  about  the  correlation. 
Above  idle  conditions  the  efficiencies  are  quite  high  and  little  difference  is  exhibited  with  fuel  type 
although  ARF  is  predicted  to  have  the  lowest  efficiency.  At  idle  conditions  the  separation  of  fuels  is 
more  pronounced  indicating  the  increased  influence  of  slower  evaporation  at  the  low  power  point  of  the 
"heavier"  ARF.  In  general  the  effect  of  an  alternative  fuel  with  properties  similar  to  ARF  on 
combustion  efficiency  in  the  TF41  is  small,  especially  at  high  power  conditions. 


CONCLUSIONS 

Illustrated  in  this  paper  were  the  predictions  of  the  performance  of  an  alternative  fuel  in  a 
conventional  gas  turbine  combuslir.  These  predictions  were  obtained  from  a  relatively  simple  model  and 
the  predictions  were  supported  by  the  favorable  comparison  of  performance  calculations  for  existing 
fuels  for  which  data  were  available. 

The  results  indicate  that,  for  this  particular  engine  and  alternative  fuel,  ignition  is  most 
sensitive  to  fuel  changes,  lean  limit  stability  performance  is  degraded  to  a  lesser  degree  and 
combustion  efficiency  is  only  modestly  influenced,  in  agreement  with  the  conclusions  of  Vogel  et  al . 
In  particular,  it  was  shown  that  fuei  injection  modifications  would  be  required  to  retain  good  ignition 
characteristics  with  the  alternative  fuel. 

The  quantitative  changes  in  performance  as  a  function  of  fuel  type  presented  in  this  paper  can  also 
be  predicted  in  other  engines  for  other  alternative  fuels  to  provide  input  into  future  combustor  and 
fuel  type  considerations. 
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Figure  7  TFAl  combustion  efficiency  cor¬ 
relation  (data  from  reference  A) 


DISCUSSION 


D.Siiape,  l!K 

(  I  )  Your  correlations  lead  to  results  lor  ignition  only.  Have  you  considered  the  effects  on  the  whole  primary 
and  post  pnmary  zones  leading  to  any  conclusions  about  the  inter-combustor  light-round  phase  of  start-up. 
which  is  particularly  difficult  in  tubo-annular  systems'.’ 

( I  You  conclude  that  combustion  efficiency  is  only  moderately  influenced  by  fuel  type.  Would  you  expect 
this  to  hold  good  for  combustors,  such  as  the  Transply  combustor  in  Paper  23,  which  have  much  higher 
combustion  efficiencies  throughout  the  engine  operating  range’ 

Author’s  Reply 

1 1 )  The  ignition  model  currently  considers  only  the  growth  of  the  spark  kernel  and  not  the  question  of  tlame 
spread  from  can  to  can.  This  would  be  an  interesting  and  important  problem  to  address. 

(2)  Based  on  the  analysis  of  other  engines  which  do  have  high  efficiencies  throughout  their  operating  range  (see 
Leonard  and  Mellor.  Journal  of  Lnergy).  I  expect  the  conclusion  that  combustion  efficiency  will  be  only 
slightly  infiuenced  by  fuel  type  to  hold  for  engines  which  are  efficient  at  low  power. 


J.Tilston.  UK 

In  [Tgure  7  the  correlation,  which  you  said  contained  data  scatter,  is  made  on  the  basis  of  a  linear  relationship  of 
efficiency  with  characteristic  times.  The  relationship  should  correlate  on  the  basis  of  the  conventional  loading 
equations  which,  from  first  principles,  would  contain  exponential  and  power  law  terms.  The  data  certainly  look 
as  though  they  would  be  much  better  fitted  by  a  fairly  simple  curve. 

.Author’s  Reply 

In  the  development  of  the  carbon  monoxide  correlation  parameter  (see  Tuttle  et  al.,  I hth  Symposium  ( litteriialUmaU 
on  Combustion )  an  exponential  does  occur  but  it  is  expanded  and  all  higher  order  terms  are  drop.ned  for  simplicity. 
Retaining  the  more  complete  exponential  term  might  be  useful  but  as  yet  has  not  been  necessary. 


P.Ramette,  Fr 

L’efficacite  de  combustion  est  exprimee  en  fonction  d’un  temps  cinetique.  function  exponentielle  d’une  temperature 
cinetique  qui  est  une  ponderation  .‘ntre  les  temperatures  d’entree  et  de  sortie.  Comment  est  determinee  cette 
ponderation  ’  Est-ce  que  la  pression  ne  devrait  pas  intervenir'’ 

Author’s  Reply 

The  temperature  that  appears  in  the  kinetic  time  was  empirically  sele.  ted  to  provide  the  best  correlation  of 
efficiency  data  obtained  from  earlier  experimental  work.  C’ertainly  a  kinetic  time  can  be  derived  which  includes 
pressure,  hut  the  model  has  been  successfully  applied  to  data  with  pressure  variations  between  200  and  800  kPa 
and  therefore  a  pressure  term  is  not  necessarily  required. 
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RESin^tE  : 

Au  lieu  des  methodes  locales  de  resolution  souvent  crop  couteuses  au  stade  de  l’_vant- 
projet  de  foyers,  on  a  souvent  avantage  a  uClliser  une  des  deux  approches  suivantes rmethode  modulaire,  methode 

-  Methode  modulaire : De  nombreuses  experiences  menees  sur  maquettes  hydrauliques  et  faisant 
appel  a  diverses  techniques  de  traltement  d’ image  video  fournissent  les  donnees  de  base  utilisees  dans  la 
schematisat ion  de  divers  foyers  sous  forme  d'une  combinaison  de  reacteurs  elementaires,  L'adjonction  de  cine- 
tiques  chimiques  plus  ou  moins  detaillees  (modele  global,  semi  global,  avec  vaporisation)  perraet  de  predire 
avec  une  bonne  precision  les  performances  globales  de  ces  divers  foyers. 

-  Methode  mixte  :  )Hns  cette  seconde  methode,  plus  precise,  seules  les  zones  de  recircu¬ 
lation  sont  modelisecs  par  assemblage  de  reacteurs  elementaires.  Les  regions  d ' ecoulement  direct  (jet, 
swirlers...)  font  I’objet  d'un  calcul  local  (K,£.)  dans  lequel  le  comportement  des  gouttes  (taille,  trajec- 
toire,  vaporisation)  est  pris  en  compte  a  partir  d*un  ensemble  de  mesures  geometriques  effectuees  au  DERMES. 
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•  -  INTRODUCTION 

Les  processus  rencontres  dans  les  chambres  de  combustion  sont  part icul ierement  complexes  et  for- 
cement  couples  entre  eux  (ecoulement  turbulent  3.D  en  regime  statlonnaire  ou  non  avec  melange  diphasique, 
cinetique  chimique,  radiation...)  De  ce  fait,  le  calcul  des  performances  de  foyers  (stabilite,  rendement, 
pollution)  exige  la  mise  en  oeuvre  de  techniques  de  modelisation  qui  peuvent  se  classer  selon  les  trois 
groupes  suivants  correspondant  a  une  description  plus  ou  moins  fine  de  1 ' aerodynamique  du  foyer  : 

L'approche  locale  (par  exemple  16)  consiste  a  resoudre  un  ensemble  d’ equations  aux  derivees  par- 
tielles  regissant  les  differents  phenomfenes  evoques  plus  haut.  (Combustion  turbulente  dans  un  ecoulement 
t r Id Imens ionnel  eventuellement  diphasique).  Utile  pour  acceder  a  la  description  fine  de  1 ' ecoulement ,  cette 
methode  conduit  souvent  a  de  reelles  difficultes  dans  sa  mise  en  oeuvre  ;  adaptation  du  modele  numerlque 
a  chaque  cas  etudie,  dlfficulte  de  convergence  avec  des  geometries  complexes,  cinetique  chimique  limitee. 

De  ce  fait,  au  moins  au  stade  initial  de  developpement  d*un  foyer,  on  lui  prefere  souvent  une  approche  de 
type  modulaire. 

Dans  cette  approche  modulaire  (1  a  12)  permettant  d’apprecier  les  mcmes  phenomenes  a  une  echelle 
plus  grossiere,  I’ecoulement  est  discretise  en  plusleurs  modules  (reacteurs  elementaires)  verlfiant  certai- 
nes  hypotheses  (nature,  volume,  debit).  Souvent  utilisee  en  particulier  pour  des  etudes  parametriques  ou 
d ' opt imisat ion,  cette  methode  presente  f requemment  un  certain  empirisme  dans  la  definition  de  modeles  souvent 
cholsis  a  priori. 

Enfin  une  trolsieme  approche  dite  mixte  (13  a  15)  tente  de  realiser  un  compromis  entre  les  deux 
precedentes  en  ce  sens  qu*elle  combine  un  calcul  local  pour  les  zones  d 'ecoulement  direct  (Jets,  swlrlers..) 
et  un  calcul  modulaire  dans  les  zones  ou  cette  dernlere  devient  delicate  (zones  de  recirculation).  Outre 
I'avantage  que  certalnes  valeurs  de  variables  (par  exemple  les  repartitions  de  debit)  sont  un  resultat  de 
calcul  et  non  pas  une  donnee  experimentale,  cette  methode  permet  aussi,  sans  entralner  des  couts  excessifs, 
de  rendre  compte  de  faqon  assez  fine  du  comportement  des  gouttes  de  carburant  (pulverisation,  vaporisation, 
traj  ectoires) . 

Etant  plus  speclalement  interesses  aux  deux  dernleres  approches,  que  nous  presentons  dans  cet 
article,  nous  nous  sommes  appuyes  sur  des  resultats  experimentaux  obtenus  au  C.E.R.T.,  concernant  solt  la 
description  aerodynamlque  de  1 ' ecoulement ,  solf  les  caiact^ristlques  granulometrlques  des  injecteurs. 

Pour  la  description  aerodynamlque  de  I'ecoulement,  les  caracteristlques  (nature,  volume,  distri¬ 
bution  de  temps  de  sejour)  des  reacteurs  Elementaires  utilises  dans  le  modele  modulaire  sont  deduites 
d 'experiences  menees  sur  maquettes  hydrauliques.  Une  analyse  automatlque  d'lmages  vidio  obtenues  sur  I'ecou¬ 
lement  donne  diverses  informations,  telles  que  :  concentration,  debits,  temps  de  sejour,  Ces  informations, 
associees  a  diverses  techniques  d' identification  permettent  de  definlr  pour  chaque  chambre  essayEe  une 
representation  adequate  sous  forme  de  combinaison  de  reacteurs  Elementaires.  L'utlllsation  de  ces  mEthodes 
pour  des  geometries  de  chambres  tres  variees  nous  a  conduit  a  degager  diverses  ccrrElatlons  tant  sur  la 
representation  modulaire  de  ces  foyers  que  sur  certalnes  repartitions  de  debits  en  fonction  de  parametres 
caracter 1st iques. 

Afln  de  pouvoir  mieux  caracteriser  I'influence  de  la  pulverisation  de  carburants  liquides  sur  la 
cinetique  chimique,  une  simulation  a  ete  realisee  au  moyen  de  mElange  eau  alcool  InjectE  sous  pression  dans 
un  ecoulement  a  grande  vltesse.  Une  technique  origlnale  de  granulomEtrie  appliquee  a  diverses  conditions 
d ' ecoulement  nous  a  conduit  a  determiner  des  lois  d’evolution  du  dlamctre  moyen  de  Sauter  et  de  la  forme  de 
panaches  en  fonction  des  parametres  prlncipaux  (pression  d'lnjectlon,  vltesse  moyenne  et  taux  de  turbulence 
de  I'ecoulement,  liqulde  InjectE...). 

Enfin,  la  prise  en  compte  d'une  cinetique  chimique  sous  la  forme  de  modeles  "global"  a  une  seule 
reaction  ou  "semi  global"  a  deux  etapes  et  tenant  compte  de  la  vaporisation  des  gouttes  permet  de  calculer 
les  performances  globales  des  foyers.  Ces  resultats  de  calcul,  compares  aux  mesures  en  combustion  effectuees 
a  1 '0. N. E. R. A. ,  permettent  par  leur  precision  de  justlfier  a  posteriori  le  blen  fondE  d'une  telle  demarche, 
au  moins  au  stade  de  I'avan^projet. 

II  -  ETUDE  EXPERIMENT^E 


Comme  permet  de  le  montrer  un  survol  rapide  de  la  litterature  sur  ce  sujet  (1  a  12),  un  des  prin- 
cipaux  problemes  dans  la  representation  modulaire  de  foyer  est  de  caracteriser  ces  differents  reacteurs 
elementaires  en  terroes  de  volume,  position,  interconnection.  De  la  meme  faqon,  I'existence  de  deux  phases 
dans  I'ecoulement  necesslte  de  pouvoir  definir  correctement  les  caracteristlques  de  pulverisation  relatives 
a  chaque  type  d'lnjectlon. 

Pour  ces  deux  appicrhes,  nous  avons  choisi  des  conditions  experlmentales  en  ecoulement  Isotherme  : 
maquettes  hydrauliques  pour  Etudier  1 'aerodynamlque  Interne,  banc  aerodynamlque  aux  conditions  atmospberi- 
ques  pour  etudier  la  pulverisation.  Bien  que  sujet  d  controverses,  ce  choix  a  EtE  fait  avant  tout  afln  de 
permetcre  un  nomure  Important  de  mesures  dans  des  conditions  experlmentales  plus  simples,  le  but  etant 
prlncipalement  dc  donn'>r  une  description  grosslEre  mais  realiste  de  I'Ecoulement  plutot  que  de  prEclset  de 
faqon  ponctuelle  ses  conditions  exactes  avec  et  sans  combustion.  11  semble  sufflsant  d'assurer  une  similitu¬ 
de  geometrlque  ainsi  qi'un  nombre  de  Reynolds  superleur  a  une  valeur  critique  (17)  le  passag.e  aux  conditions 
avec  combustion  se  faljant  soit  s.ms  correction,  solt  h  partlr  de  corrElations,  solt  au  moyen  de  certalnes 
regies,  telles  que  cel.es  suggerEe^  par  Spalding  (17). 

2.1.  Moyens  c  'essai 

2.1.1.  Tunnel  hydrod^’namigue 

Comme  le  montn  la  photo  1  un  tunnel  hydrodynamqlue  5 
nant  en  circuit  ouvert  (10  1/s)  ou  fennE  (20  l/s)  permet  d'Etudier  diffErents 
sees  en  plexiglass.  Ces  maquettes  transparentes  sont  de  trois  types  ; 

-  maquettes  a  Echelle  rEduite  de  foyers  rEels  (en  gEnEral  foyers  de 
-representation  bid imens ionnel le  de  secteur  de  foyers  annulaires 

-  modEles  simplifies  de  zones  primaires. 


veine  horlzontale  fonction- 
modEles  de  maquettes  rEali- 

statorEacteurs) 


Dc  nombreux  resultats  conccrnant  plusieurs  de  ces  maqueCtes  ont  deja  presentes  (12,18,  19)^ 

les  resultats  contenus  dans  cet  article  sort  lolatlfs  h  deux  maquettes  de  secteur  de  foyer  annulaire  compor- 
tant  des  injecteurs  a  synplc  et  double  swirlers. 

2.1.2.  Banc  granulomet ri^ue 

Ce  banc  (Fig.  2  )  est  constltue  par  une  velne  d'essals  130  x  130  realisee  en 

plexiglass  dans  laquelle  on  peut  generer  un  ecoulement  a  vitesse  (0  a  130  m/s)  et  taux  de  turbulence  (O’!  a 
107)  variables.  Af  in  de  simuler  an  mieux  les  conditions  d'injection  reclles,  on  peut  y  introduire  divtrst-s 
singularites  telles  que  accroche  flamme,  generateur  de  swirl...  1.' injecteur  a  carac t e r iser ,  peut  se  trans- 
later  dans  trois  directions  ;  un  systeme  d'injection  comportant  un  reservoir  prtssnrisO  (.<'  j  20  bar),  un 
capteur  de  pression,  une  electrovanne  permet  d'injecter  le  liquide  a  etudier  (par  exemplc  un  melange  eau 
alcool  assurant  une  tension  superf ic iel le  (Tj  variant  de  23  a  72  dynes/cm)  sous  une  pression  ^pJ  variable. 

2.2.  Moyens  de  visualisation  et  de  mesure 

En  plus  des  techniques  classiques  de  visualisation  (bulles  d'air  ou  d'hydrogene,  particules 
de  polystyrene,  f luoresceine)  utilisees  sur  le  banc  hydraulique  nous  avons  developpe  un  certain  nombre  de 
moyens  associant  :  camera  video  ou  C.C.D,  microcalculateur  et  Interfaces  afin  de  completer  ces  visualisations 
par  differentes  mesures.  Ces  methodes  sont  largcment  decrltes  par  ailleurs  (20  a  23), nous  les  resumons  suc- 
c  int  ement . 

2.2.1.  Mesure  de_concentrat ion 

Dans  cette  application  la  concentration  Instantanee  d'un  traceur  colore  (fluores- 
ceine) ,  moyennee  a  I'interieur  d'une  surface  elementaire  deflate  par  Ic  plan  d'eclairage  (fente  lumineuse, 
"tranche"  laser)  et  une  fenetre  d'analyse  generee  sur  le  moniteur  associe  a  la  camera  observant  1 'ecoule¬ 
ment  est  mesuree.  De  nombreux  etalonnages  effectues  "In  situ"  (20,  21)  nous  ont  permis  de  relier,  pour  des 
conditions  d'eclairage  donnees,  la  concentration  du  traceur  a  la  brillance  locale  de  I'image  video.  Cette 
brillance > convert ie  en  une  tension  analoglque  qul  peut  etre  numerisee  sur  12  bits  et  mise  en  memoire  du 
calculateur  en  synchronisme  avec  cheque  trame,  permet  done  pour  diverses  conditions  d'injection  pilotees 
par  le  calculateur  (continue,  Dirac,  echelon)  de  mesurer  les  grandeurs  suivantes  :  debit,  temps  de  sejour, 
concentration,...  Moyennant  certaines  precautions  (23),  cette  methode  permet  de  mesurer  en  continu  (une 
information  par  trame  soit  tous  les  SOeme  ou  60  erne  de  seconde)  une  concentration  locale  ou  moyenne  avec 
une  precision  de  IZ  a  2^, (Figure  5)» 

2.2.2.  Mesure  de  taille  de  gouctes 

Comme  le  montre  la  figure  2  ,  la  mesure  granulometrique  est  obtenue  dans  un 

plan  (parallele  ou  perpendiculaire  a  1 'ecoulement)  defini  par  un  laser  He/Ne  de  13  mW  auquel  est  eventuel- 
lement  associe  un  mlroir  vibrant  ou  une  lentille  plan  convexe  (22).  Le  systeme  de  mesure  comportc  :  un 
dlsposltif  optique,  une  camera  CCD  Hitachi,  un  microcalculateur  et  ses  peripheriques,  plusieurs  interfaces. 
(Figure  3)* 

Dlsposltif  optique  :  compte  cenu  du  falble  dlaroetre  des  gouttelettes  (10  |im  a  100  |um)  un  dispositif 
optique  est  n^cessaire  pour  produire  sur  la  matrlce  de  la  camera  une  image  de  taille  suffisante.  Ce  disposi¬ 
tif  comporte  un  telescope  Newton  (focale  600  mm,  diametre  130  mm)  et  un  microscope  (grossisement  G  **  8) 
monte  sur  la  camera  avec  une  bague  rallonge. 

Module  d'acquisttlon  :  Ce  module,  realise  au  C. E.R.T. /D. E.R.M. E. S. ,  comporte  trois  cartes  a  fonc- 
tlons  dlstinctes  (22)  : 

^  Ellt  synchronise  la  camera  au  balayage  moniteur  du  microcalculateur  et  numerise  sur  1 
I'image  des  gouttelettes  (240  lignes  x  320  pixels  par  ligne)  vues  sur  le  moniteur. 


bit 


Cette  seconde  carte  memorise  1’ 
avec  le  microcalculateur. 

La  troisleme  carte  permet  I'analyse  de  cette  image  en  6  s  au  moyen  d'un  curscur  vertical 
comptant  le  nombre  de  points  Pp  situes  a  I'interieur  des  images  de  gouttes  et  le  nombre  d ' intersect  ions 
PL  avec  le  maillage.  Comme  le  mentre  la  figure  2  ^  pour  chaque  image,  le  diametre  moyen  est  donne  (24) 

par  : 

DM  -  3  Pp  /PL 

Compte  tenu  du  prlncipe,  un  etalonnage  du  systeme  est  necessaire  (22-25)  afin  de 
determiner  le  coefficient  d'etalonnage  en  fonction  des  divers  parametres  (angle  de  prise  de  vue  ^  ,  gros- 
sissement  (9  ,  indlce  de  refraction  D,  longueur  d'ondeX*  seuil  de  detection  3).  Ceci  est  effectue  avec  des 
microbllles  de  verre  callbrees  presentant  le  meroe  Indice  ;  on  obtient  ainsi  une  precision  voisinc  de  3  ^m 
avec  un  seull  de  detection  de  5  pm, 

2.3.  Techniques  d * Ident if Icat ion 

A  partir  les  mesures  de  concentration  effectuees  suivant  le  prlncipe  decrit  en  2.2.1., 
plusieurs  metbodes  ont  e:e  deflnles  de  fagon  a  donner  diverses  Informations  quantltatives  suivant  les 
modes  d'injection  de  trazeur  (23). 

2.3,1,  Irjectlon  cont lr> je 

Dsns  le  cas  ou  le  traceur  colorc  est  Injecte  de  fagon  continue  avec  un  debit  q, 
la  mesure  de  la  contentr* tion  C  moyennee  sur  un  volume  (rieactcur)  elementaire  permet  de  mesurer  : 

_  soit  le  debit  ()  le  traversant  al  le  traceur  est  injecte  dans  ce  volume, 


Image  (200  lignes  x  320  pixels)  en  une  trame  en  synchronisme 


.9. 


Q  “  q/': 

Cette  mesure  de  debit  par  dilution  eat  tres  utile  pour  determiner  les  divers  debits 
alimentant  le  foyer  (debit  prlmalre,  dilution.,.)  ainal  que  certains  debits  caracterlstlques  (QR^  :  debit 
reclrculant  en  fond  de  chambre) 

-  aoit  la  concentration  (rlchesse)  locale  en  fonction  de  la  concentration  (rlchesse)  a  laquelle 
eat  Injecte^^  I'interieur  ou  a  I'exterieur  du  volume^un  traceur  simulant  le  carburant, 

2,3.2.  ^nj ectlon  suivant  un  Echelon 

Dt.ns  ce  caa,  la  variation  de  concentration  Ca  (t)  eat  proport lonnelle  d  la  fonction 


f  (t)  dt 


(26) 


.V'-4 


di-  repartition  de  temps  de  sejour 

Cs  Ct>/v/  F  (t)  = 

On  peut  ainsi  obtenir  les  premieres  informations  sur  la  nature  du  mac romtUange  Ooyer 
homogene,  reacteur  piston...)  ainsi  que  sur  ie  volume  du  reacteur  eZementaire  considers  a  parcir  de  Ja  me- 
sure  du  temps  de  sejour  moyen  . 

V  =  Q.  'jr  (26  ) 

2.3.3.  Iniection  suivant  un  Dirac 
— i - ^ 

Les  mesures  obtenues  a  partir  d'une  injectio^  sous  forme  d'un  "creneau”  do 
duree  negligeable  par  rapport  aux  temps  caracterist iques  (  Jt^'  ^^10  )  permettent  d'obtenir  plus 

d ' informac  ions  puisque  dans  ce  cas  Cs  (t)  varie  comroe  la  distribution  de  temps  de  sejour  (26  ) 


J 


Cs  (t)  f  (t) 


Les  courbes  obtenues  presentent  1 'allure  caracterist iquc  montree  a  la  figure 
^  a  partir  de  laquelle  on  peut  identifier  I'ecoulement  a  un  ensemble  de  reacteurs  avec  retour  tel  que 
represente  sur  Fig.  ^  .  Afin  d’effectuer  ceci,  nous  avons  developpe  un  ensemble  de  methodes  simples 

d ' ident if icat ion  (23)  permettant  de  determiner  les  caracteristiques  principales  de  1 ' assemblagt-  de  foyers 
(nombre  de  foyers  homogenes  dans  la  chalne  directe  :  N  et  retour  :  M,  taux  de  debit  entraine  R,  temps  de 
sejour  moyen..,)  en  fonctlon  de  caracteristiques  simples  de  la  courbe  f  (t)  (temps  du  premier  pic  ^max, 
et  entre  pics  tc,  ecart  type  ). 

Cgs  methodes,  part iculierement  simples  a  utiliser  permettent  dans  la  majeure 
partie  des  cas  d'aboutir  a  une  representation  modulaire  detaillee  de  i'ecoulement  a  partir  des  mesures  de 
concentration  et  des  visualisations  qualitatives. 

2. A.  Resultats  sur  I'aerodynamtque  des  chambres 

2,A.l.  Description  de  I'ecoulement  (Figures  5,  6). 

La  chambre  etodiee  comporte  d'amont  en  aval  : 


-  un  ensemble  d'injecteurs  a  swirler  situes  sur  le  fond  (simple  ou  double  vrllles)  traverses 
par  un  debit  Qsw  et  recevant  le  carburant  liqulde, 

-  sur  chaque  cote  une  rangee  d'orifices  primaires  circulaires  recevant  un  debit 

-  nn  aval  deux  rangees  d'orifices  de  dilution  traverses  par 

-  enfin  d'amont  en  aval,  un  ensemble  de  films  de  ref roidissement  de  debits  notes  QFCj,  QFC2 

Comme  le  montrenc  les  figures  5  et  6  ,  on  peut  distinguer  les  deux  zones 


sulvantes  : 


'amont  des__orlftc.es  primaires  :  ce  fond  de  chambre  est  alimente  par  les  trois  debits  suivants  : 
Qsw  (debit  swirler)  QR^  (fraction  du  jet  primaire  recirculant  en  fond  de  chambre)  QFC^  dont  une  partie, 
proportionnelle  au  blocage  des  jets  primaires  alimente  le  fond  de  chambre. 

Comme  on  peut  le  voir,  le  d^bit  Qsw  genere  deux  zones  tourbillonnaires  ;  I 
a  I'intSrleur  du  cone,  2  entre  le  cone  et  la  chambre. 

Cette  description  aerodynamique,  volsine  de  celle  decrite  dans  (1)  correspond 
bien  aux  trois  types  de  recirculation  distincts  dus  a  I'ecoulement  principal  : 

-  A  I'interieur  du  cone,  la  recirculation  centrale  notee  1  est  due  au  gradient  de  pression 
cause  par  le  swirl  (la  12),  sa  presence  explique  la  stabllite  de  la  flamme  dans  la  zone  primaire  grace 

au  courant  de  retour  central  qul  permet  de  reclrculer  en  entree  une  partie  des  gaz  chauds. 

-  Entre  les  swirlers  et  le  tube  a  flamme,  la  recirculation  notee  2  est  due  avant  tout  a 
I'effet  d'elargissement  brusque  entre  le  diametre  des  swirlers  et  le  tube  a  flamme.  Elle  est  souvent  ignoree 
par  de  nombreux  auteurs  (1,4...) 

-  Contrairement  aux  deux  pcecedentes  assoclees  a  une  recirculation  de  gaz  chauds  et  reactifs 
en  fond  de  chambre,  la  troisieme  zone  notee  1*  correspond  a  une  recirculation  d'une  partie  des  g,az  frais 
issus  des  jets  primaires  (QR  ) .  Ce  phenomene,  du  avant  tout  a  I'lmpact  des  jets  est  cite  en  part.culier 
cans  (3  a  7)  et  dans  une  certaine  mesu'2  (8,9). 

Remarque  I  ;  Co/rano  on  peut  le  zoic  a  la  figure  0  ,  chaque  zone  de  recirculation  1  ,  y' 

t»st  repre56>;it£?G  par  un  foyer  homogene  I,  2,  I*dans  le  cas  du  <Joubie  swirler.  Pour  un  swirler  unjyue*  et 
dans  la  m3;}oriCe  des  cas,  on  regroupe  '  ?s  deux  reacteurs  i  et  J  ’  *^n  un  reacteur  unique  (12,  18,  '9,. 

(  Figure  5)  • 

Remarque  2  :  Comme  permet  de  .!•?  montrer  la  figure  7  ,  la  node!  isation  des  i'olures  1  o-,  P 

suivant  un  seul  foyej-  homogene  constitne  uno  schematisation  par  rapport  d  la  realite.  En  offot  claque 
volume  comports  un  ecoulement  principal  J  et  un  courant  de  rer.our  II  entre  lesquels  circule  un  debut 
entraine  i>€  souvent  confondu  dans  la  litterature  avec  le  debit;  recircuie  QR ^ 

Entre  les  orifices  :  Cette  zone  est  le  siege  de  tourblllons  longltudlnaux  impo'tants  (12) 
alimenteg  par  une  partie  QR^  du  debit  des  jets  primaires,  le  debit  venani  du  fond  de  chambre  ainsi  qu'une 
partie  du  debit  de  ref roidissement . (Figu res  5  et  6), 

Remo rgue  :  II  est  intecessant  dt  rapprocher  cette  description  succinte  de  1 'ecouh-ment  donnee 

plus  en  detail  dans  (27)  ainsi  que  la  mod^lisation  qui  lui  est  associee  de  celle  obtenue  poui  d’aitres 
goomdtries  de  chambre  (12,  18,  19}  afin  d'en  degager  certaines  regies. 

-  Dans  tous  les  cas  la  zone  entre  orifices  primaires  et  dilution  comporte  une  zone  de  reac¬ 
teur  piston  (partie  Qp  du  jet  primaire,  et  film  de  ref roidissement)  une  recirculation  importante  (foyer 
homogene  et  reacteur  piston  en  series  alimentoe  par  QR^  et  le  debit  de  fond  de  chambre. 

-  Le  fond  de  chambre  est  alimente  par  une  partie  QR ^  du  debit  primaire  fonction  de  divers 


r^arj.v.'firt's  <  voj  /  _ )  ft.  >/t  s  Jfbit-  .huuxl-m  <jsw  iswirl-.jr.-i,  >' 

^'t'C  t  r-.-l  ro  i‘j  1  J  .  f'ar  .-o.’itrt  ,  i-i  2  Sf/i  t.jr.  lun  .^?oJ  u  1  1  re  dt.-p,-nd  du  nodi-  d'l:. 

1  (.'■  t .1 'll.  I'u’:  I’.i.s.vf  jtj  r.i  t  :  (■>;.  puis  smplo  swirlor,  Jj 


iro  r.ti:u  du  rlo-  .iot 


or.  pciiz  considtrKjr  -.jua  1<.  i/tiiit;  dos  fiir.-  r. 
iu  i  lO'  .iOf  .ii  s  ji.'ts  roiiCOnCTL  s . 


H  .  2  .  (!orrf  lac  ions  pour_le  debit  QR^ 

La  valc-ur  du  debit  QR^  venant  recirculer  en  fond  Je  chanhrL-  i-.st  un  paranLtii 
lapital  puisque  ce  dvbit  participe  directemcnt  a  la  combustion*  orde  nombreux  auteurs  (1,  11  la  fixent  dt- 
t'ai^on  enpirique  ou  sujette  a  caution. 

’'ne  partie  importante  du  travail  cffectue  au  C.K.R.T.  etant  ur.e  Cludu  pararr.L- 
Criquf  pa  rt  icul  i  erc-ment  utile  aux  premiers  stades  de  developpement  d*un  foyer,  il  noiis  semblait  important  cit- 
connaicre  I 'influence  de  parametres  geometriques  sur  les  differents  debits  ,  q*,...  ainsi  que  sur  la  dJeompo 
sit  ion  de  entre  les  debits  Qi'*  travail  a  ete  effectue  d'une  part  expCr  ir;en  t  alenient  a  pur- 

tir  de  chamhres  (turboreacteurs,  statoreacteurs,  geometries  simplifiees)  de  geometries  divt^rsts  (12,  18,  ] ‘^) 
d'autre  prirt  ana  1  yt  iquement  a  partir  de  considerations  simples  sur  les  equations  de  bilan  (continuitf,  quati- 
tito  de  niouvfnn-nt .  .  . )  (27  a  d"-))  . 

Cos  deux  approches  conduisent  a  dcs  resultats  semblables  qui  mettent  en 
evidence  1' influence  des  parametres  principaux  suivants  : 

<^rr\  angle  des  jets  primaires 
B  blocagc*  des  jets  primaires 

debit  dcs  Cannes  ou  du  swirler  Qc/Q^  ou  Qsw/Qj 
(eventuellement)  volume  du  dome. 

:  Ces  resultats  ont  ete  confrontes  avec  succes  pour  des  geometries  de  chambres  tres  diverses  et  let- 
resultats  de  calcul  compares  aux  essais  combustion  (12,  19)  conflrmant  bien  le  fait  que,  au  moins  a  faibles 
valeurs  de  blorage  et  d 'angle,  la  combustion  n'a  qu'un  effet  secondaire  sur  le  taux  QR^/Q^  (29).  Ceci  n'est 
evidemment  pas  le  cas  sur  le  debit  entrain!  Qe  dont  le  taux  Qe/Q^  varie  sensiblement  comme  suit  : 

Qe/Qj  A/  (TJ/Tc)''^'  (29) 

TJ  :  temperature  moyenne  du  jet 

Tc  :  temperature  moyenne  de  la  recirculation. 


2.5.  Resultats  sur  la  pulverisation 

(lomme  nous  I'avons  note  plus  haut,  la  methode  de  mesure  peut  s'appliquer  a  divers  cas  d'e- 
coulements.  Cependant  jusqu'a  present  cette  methode,  dcveloppee  recemment,  n'a  ete  appliquee  qu'au  cas  d'un 
injecteur  aerodynamique  a  swirler  place  dans  un  ecoulement  uniforme.  Bien  que  les  resultats  obtenus  nc  soient 
pas  directement  applicables  aux  chambres  de  turboreacteur  sans  verification  supplementaire,  il  nous  a  semblO 
utile  de  les  presenter  puisque  nous  les  utilisons  dans  les  model isat ions  presentees  cl-dessous. 

Comme  le  montrent  les  diverses  courbes  (Fig.  9)  presentees,  le  diametre  moyen  de  Sauter 
peut  s'exprimer  de  la  faqon  suivaute  : 

—  (w;)  U,j  • 


Ces  resultats,  donnes  cn  detail  danu  (22,  25)  sont  volsins  de  ceux  trouvos  dans  la  littc* 
raturc  (voir  dans  22).  Notons  cependant  qu'ils  correspondent  a  une  moyenne  ;  de  nombreuses  mesrres  ayant 
«ffectuees  h  diverses  positions  axiales  et  radiales  par  rapport  a  1' injecteur.  Ces  mesures  ont  aussi  2tt- 
completees  par  des  histogrammes  tels  que  celui  present!  a  la  figure  10. 

in  -  MODF.I.TSATION 

Dans  1 ' introduct ton,  nous  avons  succintement  present!  les  caractorist iques  princlpales  de 
deux  method de  calcul  que  nous  avons  developpe  :  methode  modulairc  et  methode  mixte.  Avant  de  cfccr:rc 
chacune  o'elle,  il  nous  a  semble  utile  de  donner  quelques  details  sur  les  equations  utllist'e?.  on  paiticu- 
1 ier  pour  ce  qui  concerne  le  caractere  diphastque  de  1 ' ecoulement . 


Mise  en  equations 


Les  equations  de  base  pour  etudier  les  differents  phenomones  ne  sont  autre;; 
tlf’js  de  transport  piii.r  diverses  quantifes  :  cspeces  (y  i),  energio  (h),  gouttes  liquides  dt 
Tcut  es  ces  equat  ion.s  se  presentent  sous  la  forme  classique  sviivante  : 


que  les  .‘qua- 
talUf  fJ)... 


^  Sf 


Convect icn 


avec  y*:  u,  v,  h,  k,  Y  i 

1.0  terme  source  sy  qui  depend  de  la  quant Ite  ^  transporter  est  relat  vement  bien 
connu  pour  les  variables  classlques  (30);  nous  aliens  t^tablir  la  forme  particuliere  de  I’eqiu'tion  pour  los 
differentes  cla;5ses  tie  gouttes  J  =  I,  . .  K. 


Module  d ' ovaporat  ton 

Rn  plus  de  la  phase  vapeur  (J  =  0)  le  fuel  peut  etre  represent!  par  k  classes 
(J  *  dc  gouttes  de  largeur  constante  et  notee  chacune  par  son  diametre  moyen  J  =  1  (petite  classe) 

a  J  =  K  (taille  maxlmale).  F.n  rcallto,  au  lieu  du  diametre  on  utilise  cn  general  s  “  r*"  ;  la  classe  J  est 
alors  reprosentoe  par  la  concentration  f.J  (molcs/Kg)  de  gouttes  ayant  une  valour  de  s  entre  s  .  ,  et  s.. 


1 


Af  in  d'evaluur  le  terme  sourct*  de  chaque  classe  J  ,  nous  averts  utilise  le  module  d'eva- 
porat  ion  de  Wise  et  Agoston  ’^1)  modifie  de  fatjon  a  tenlr  compte  de  la  convection  forcee  en  cas  de  vitesse 
relative  Vrel  goutte-gaz  : 

ra'^  =  4  TT.  ^  — !-og  ( 1  +  B)  (1  +  0,244  Re^*^) 

l-vap 


avec  B  =  CV 

Pour  chaque  classe  J,  le  terme  source^  peut  se  mettre  sous  la  ^orme  sulvantc  (32) 


ou  les  trois  termes  de  la  parenthese  designent  respect ivement  : 

-  le  transfert  de  gouttes  de  la  classe  J  +  I  a  J 

-  le  transfert  de  gouttes  de  la  classe  J  a  J  ~  1 
-*  le  taux  d ’ evaporat ion  de  la  classe  J. 

Le  taux  d 'evaporat ion  total  est  done  fournl  par  : 


dm 


I  m 


ds 


Les  gouttes  etant  generalemcnt  Injectees  avec  une  vitesse  relative  inltiale  par 
rapport  a  1 'ecoulement ,  cette  derniere  dimlnue  avec  le  temps  suivant  la  relation  ; 


dVrel 


Cx  f  & 


V  rel 


dt  8  r  ^ 

ou  le  coefficient  de  trainee  Cx  est  exprim§  par  la  loi  de  Vincent  (33) 
n  ft  ^ 

Cx  -  0,48  +  28/Re  ' 


3.1.3.  C^lt i^ue^chimi^ue 

Compte  tenu  de  la  complexite  d*un  module  complet  de  cinetique  chimique  pour 
I'hydrocarbure,  deux  types  de  modeles  simplifies  ont  ete  utilises.  II  faut  noter  que  bien  que  ceci  ne  repre¬ 
sents  pas  la  reallte,  les  phenomenes  d 'evaporat ion  et  de  combustion  sont  consideres  comme  etant  successlfs, 
seule  la  phase  gazeuse  du  fuel  participant  a  la  combustion. 

Module  globdl  :  Dans  cc  modele  (12,  19,  32,  34)  specialement  adapte  pour  estlmer  les 
limites  d'extinction  pauvre,  une  seule  reaction  d'oxydation  du  combustible  est  envisagee 

K  *  - V  P 

La  vitesse  de  combustion  est  donnee  par  ; 

W”  =  kT  ( /*  yK)"'®g-E/T 

Modele  quasi  global  :  Dans  ce  schema  propose  par  Edelman  et  Fortune  (35)  on  represente 
une  premiere  etape  quasi  globale  donnant  CO  et  H_  sulvl  par  plusleurs  reactions  d’oxydation  usuelles  pour 
CO  et  ^ 
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Aj'.rdj;  'in  Ari-r  rap"cl  -‘ii  •  -^ndi-lt-  ddjci  ddcrit  par  ailleurs  *IJ,  IH,  I*-),  d' 
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\.L  'onct-pl  lie  base  de  *'ette  rt-prC-sentat  ion  cst  It-  “reac'eur  par  t  a  i  t  en-ijr.  t  i  anii!.'" 
I  ;hi  i  nqi.u:  Ic  dc^rd  de  md  1  anp,L-  T.ac  roscop  ique ,  lid-  a  la  distribution  dt-  temps  de  sdjour  f  'tK  pi-r^et 
i-viUi-r  nn  rdartrui  qu<.'lconqne  par  un  assemblage  :  serie,  paralldle,  retour  de  foyers  hvirre'gdnes 

i.A  J'V 

nans  un  tel  rdacteur,  la  dynam  i<;ue  du  md-langt-  esL  iniiniment  rapide  v-onst  it  uaiu 
:i  •’!  i'  r. '  I  1  u  idi.  iddal  dans  loqud  la  combustion  est  controld‘e  par  la  rindti<jue  chlmique. 


bn  rdalitd»  des  rdarteurs 
T-.arfait  aver  : 


T.dl  ailtle 


f  (t<  = 
r.  i  c  roscep  i  quo 


_I  ^-t/t 
-•  ^art  l£*l . 


peuvent,  tout  comne  le  avoir  nn 


luins  ce  cas  doax  approches  sent  envisageables  : 

-  soil  on  utilise  un  modele  de  combustion  turbulente  fondd  sur  la  notion  de  densitd  de 
'  i  H  t  d  cunjointe  (  lU)  tel  It-  modele  "eddy  break  up”, 

-  suit  de  manidre  sinplifide  (15)  on  calcule  la  fraction  de  fluide  melange  de  fai^on  T,i- 
'•  ro  •,1- op  ique  (.function  de  la  perte  de  charge). 


I  :  ijui.r  appJ  i  Ou  t  io;iS  envisayves,  ou  a  ossapt-  do  Cc/ur  compit.-  Jt.-  i'txjs 

•'  '/Jti-ssi  r^iarivt-  sous  la  rormo  .9'j;vanto  :  a  partir  ti’une  vitosso  relative  i/;i  •  die  ‘jstanoo 

oc/.-Ji  f  i  ons  i '  I j  ion  (prvssion}  et  la  vi  tossc  io'^cnn>:  du  gaz  dans  lo  rdacteur  iVe  -  or.  calculi- 

la  I'j  ■  r t.‘j .1 ! :  V'o  instanta:.'-.-  Juseu'a  u:i  t'.-ir.ps  -‘ga  a  ZT ,  la  valour  moyenr*  cntri  0  et  ^  ost  prist 

ti  s.a-  a. t'  relaCi  Vt.-. 

Ke,7.a/'7U>  :  A'^jjant  p.i.s  /oro<.'at>;jt  d(,-  r>.\'Jlcats  c.-<pcrir:entaux  appi  icarle.^  aux  cas  •-•faiiji.s,  nous 

ivo/av  a  are  Rosii.  Ran-.U'r. 

d  3  ^ 

.'a.-..;  i. <'/:;• -i  i  e  rj  vst  I-:  diamctn-  moyx.-n  dont  ct:  t.-stimo  la  variation  -i  partif  des  correlations  prcsentt‘es 
i si; s  (..'.‘'J  ft  ii  inver.somcnt  proportionnoi  a  la  variance. 


l.Z.2.  AppHcation  au  R.P^l. 

be  concept  de  K.P.M.  permectant  de  rendre  compte  de  certaincs  caracterist Iques 
rencontrees  dans  les  foyers  reels  mais  en  general  dc  faqon  plus  complexe  (par  exemple  la  stabilite);  il  peut 
etre  utile  pour  comprendre  les  bases  de  ces  necanismes  et  en  degaper  les  tendances.  Nous  nous  sonmes  done 
intdresses  a  I'influence  de  la  pulverisation  sur  la  stabilite  d'un  tel  foyer. 

A  la  figure  11  est  representc-e  La  limite  pauvre  d*extinction  pour  un  R.P.M.  de  11 
de  volume  en  fonction  d’un  diametre  carac ter ist ique  do. 

hi.-marquf  :  La  valour  do  do  nott  e  ici  corresponil  a  un }  reference  fixoe  ur;  i r. rai  re/nent  a  d,Z  et 

-52-  =  IJ;  conme  lo  ;7Jo/irrt.vJt  1l\  figure.^^  11,  ',d  lt‘  calcul  de  d  est  effectue  a  chagae  point  do  fonctionr.c- 
■r.'-nt  e-n  fonction  de'f,SLa  partir  des  corrflations  (2  -  5;. 

Un  r<:tr\arqui.Ta  i/ue  mis  a  part  aux  falLde.^S^,  1  '  iiifluvnce  de  i<i  distribution  est  mim.-.-Jt 
i.;'o  -  I.'e  fi!h),  pli'.'r.oDeni  •  fa/iC  a  peiTu-  pt.-rc'ep  1 1  /  Jc-  <j  do  -  «'C?  y;ri  'ustir'i-int  a^a.'is  ce  cas  uno  classe  uiiiqin- 
■If  juut-f.'i.  Comru'  on  pi-ut  !<■  prevoir,  ce  phenonidne  fst  d'<.*ucant  plus  marqui.  quo  le  volume  du  reactour 
au^prifUte  (Fig.  12). 


Application  au  n'-acteur  avec  double  swirler 

I'n  exemple  de  calcul  appliqtic  au  foyer  de  turboreactour  avec  injection  double 
swirier  est  presente  aux  figures  13  et  14.  Le  modele  aet odynamique  est  celtii  presence  a  la  figure  b,  dans 
laquellc-  les  valours  de  debit  et  volume  sonc  obtenues  par  mesure  de  temps  tic  sojour  et  identification. 

Kxtinction  pauvre  :  aucune  donnee  n'e'.ant  disponible  sur  la  taille  des  gouttes,  nous  avons  essaye 
piusiours  tailles  do  '(T=  0,2)  ;  Si  =  13).  La  tomparaison  avec  les  essals  con-bust  ion  effc-ctues  a  I'ONKRA  (3b) 
sonible  correcte  avec  un  diametre  dc  base  voisin  de  70  pm. 

.Mesures  en  .sortie  fov'er  •  '3  la  figure  14  sent  presenter  les  compara  i  sons  entre  les  profils  moyens 
dt  temperature  et  d '  ine  f  f  icac  i  t  e  iL>  combustion  mesures  et  calcuies.  Mis  a  part  aux  faibles  riche^ses  (j)our^) 
1.1  conparaison  nous  semble  interessante. 


Ri’n.arqui  :  .'omr,'-'  .uoi.-;  J  ’.iVi-.n.-  nu‘:e  piw:  haut,  h  ealeal  de  siabilite  eSt  fait  avec  la  ci-}l  Liqut' 
■jl  '.■r.i  L>'  >'ler‘-:  q\:e  h.'  ufiiise’  If  niodS.e  (piasi  g/oial. 


‘,.P  ’L  dt-U  mi^te 

Dans  cette  approche  initlalimcnt  proposee  en  I'coulemonC  monophasique  par  Hariha  et  i'del- 
H’an  (  i7 )  un  utilise  It-  roupl.ige  enf  re  des  zones  de  reclrciilat  ion  (el  1  ipt  iques)  representces  sous  forme 
modulaire  et  les  Z"nes  <1 '  econ  1  c  ment  dlre<  t  (paiabol  iques)  calculoes  par  resolution  niimerique  des  equations 
d  i  f  f  e  r  en  t  ie  1  les .  be  couplage  i-ntre  ces  deux  regions  e.st  assure  par  unc  zone  lntermv*d  ia  ire  dc  type  zone  de 
m»  1 ,1  n  >;  e  •  - 

I'e  mcnitl  -  i-iant  ac  t  uel  1  emo-nJ  en  cours  dc  devcloppement  dans  notre  departemept,  nous  ne 
I  '  ivons  encore  applique  .i  des  geometries  tie  turboreacteurs  (par  exemple  avec  swirler).  be  calcul  prosen¬ 

te  est  donr'  relatif  .i  une  geotnetrie  simplifice  type  ”cl  argl  ssein£*nt  brusque”  avec  un  combust  i  I'' le  liqulde 
preme  I  an,’,e  • 

) .  i . I .  Mode  1 e 

[..i  >;»’'ometrlt  dtudiee  est  c-elle  tic  l.a  figure  15.  L'ecoulemenl  est  clivise  en 


t  ro  i  s  parr  i  t-s 


un  eeoedement  pa r a bt»  1  1  quo  (KP)  tlans  la  I'art  Ic  <lircci-‘ 


'Itu- 


/I'lit-  .it-  rt-c  ii  o\i  1  ut- um  qui  st-ra  a  .s  i  :r.  1 1 1.\  :  '..v.  H.i.*'. 


-  ia  ^-uu  til  ru'iasu;*-’  jout:-  iin  roli;*  injpDrlant  car  cV-st  i  1 i  :u  i  Ji  i .  r;-.l  c.i  li 
I cu  1  cniint  pjraliol  ique  cl  les  conditions  ”d*i:ntrcc  soriic"  dn  H.F.'-'.  i  iiLt 
it  ''■i  i.M'a'ir  1  (>:)  =  ax  b.  iin  a  pris  unc  for~i-  pa rabi- 1  iquc  di  i  citi  c-m'. 
I  .ccni-  i-st  fst  imcc  de  la  manicrc  suivantc^;  j  froiii  ct-cct  u r  i  • 

‘i.itiJ  icn^ui-ur  csC  rcduitc  selon  {  cc 

'is«-i-  p^ir  . 

iin  suppose  c.pal  emi-nt  qu'.j  travers  cette  /.one  K-s  vari.iMcs  v<irii;U  1  iniairc 


vali_ur  ik  ^  a  la  fronticre  dt!  K.P. 

Yii  ;  valour  de  ^  dans  R.F.X. 


Y/i  •  valour  do  y  dans  R.F.X. 

-  La  zone  do  recirculation  est  representee  dans  ce  cas  par  un  seul  R.p.M. 

L'ensembie  des  conditions  aux  liniCes  ainsi  quo  Id  r.'.eCbodc  de  resolution  nuneriquo  sent 
lionnos  cn  docail  dans  (Id). 

3.3.d.  Lxemplc  d 'ap^J icat ion 

Afin  de  tester  cette  methode  nixte  utillsce  en  ecoulement  diphasique,  nous  avons 
calcule  le  cas  correspondent  a  la  geometric  dccrite  par  Craig  (37).  Bien  que  ce  dernier  ne  donne  pas  de  detail 
sur  la  fa(jon  selon  laquelle  est  injeetde  le  carburant»  la  conparaison  nous  semble  interessante. 

A  la  figure  13  on  peut  suivre  I'evolution  radiale  des  phases  liquides  et  vapeur 
(avant  et  apres  combustion)  a  plusieurs  sections  ainsi  que  la  deformation  de  1 ’ histogramme  de  taille  de  gouite 
qui  se  deforme  vers  un  diamecre  moyen  inferieur  vers  les  sections  aval  (du  fait  de  la  vaporisation). 

L'ne  comparaison  interessante  esc  aussi  donnee  a  la  figure  lb,  die  porte  sur  I'inef- 
ficacite  de  combustion  moyennee  selon  un  rayon  pour  plusieurs  sections. 

rv  -  tPNCLl’SION 

Ainsi  que  nous  le  notons  en  introduction,  le  but  de  ce  travail  etait  de  presenter  ,n 
cnsenhle  de  techniques  experimentales  capablcs  de  fournir  dcs  donnees  qualitatives  et  quant itat ives  suf- 
fisamment  generales  sur  1 ' acrodynamique  interne  de  foyers  de  turboreacteurs  ;  ceci  afin  de  servir  de  base 
'.i  deux  types  de  modeles  servant  a  caiculcr  les  performances  de  tels  foyers.  En  effet,  bien  qu’dles  soienc 
ohtenues  dans  des  conditions  d’ecoulement  isothermes,  ces  experiences  se  sent  montrecs  capablcs  de  fournir 
dos  donnees  aerodynamiques  correctes  pour  une  plage  importante  de  conditions  experimentales.  lln  pariiculier 
les  divcrsfcs  correlations  obtenues  sur  le  debit  rccirucle  ainsi  quo  sur  la  granulometrit-  so  rOvLloni 
un  ovitil  prdcit'-ux  au  stade  de  I 'avant  projef. 

La  mdthode  de  calcul  de  type  modulairc,  dont  les  rcsultats  depondeni  fortement  de  Cettt.- 
dcscriprion  aorodynamique  tie  1 'ecoulement ,  a  cte  amel ioreo  en  tenant  compte  des  phenomenes  d * evaporat  ion 
et  de  melange  des  ii,ojttes  permettant  ainsi  d'expliquer  la  forme  prise  par  certaines  courbes  de  stabiliiL. 

Knfin  un  developpement  interessant  reside  dans  I ' ut  il isat  ion  du  modelc  mixte  qui  devrait 
pouvoir  prochainement  s'appliquer  a  des  geometries  plus  complexes  d'ecoulemont  (impact  de  jets,  injectours 
il  swirler,  cchange  ontre  film  de  ref  ro  Idlssement  et  reciruclat  ion.  .  . ) .  Les  premiers  rcsultats  ohtt^nus  sur 
uno  geometrie  simplifiee  paralssent  en  effet  encourageants. 

Il  nous  semblc  done  que  cet  ensemble  de  techniques  experimentales  ainsi  que  do  moyons  de 
calcul  permet,  sans  entralner  de  couts  trop  elevds,  non  sculement  d'cxplorer  differentes  poss ib il  il es , 
idees  ou  sensibillte  a  des  modifications  geometriques  mats  aussi  d’optimisvr  le  dessin  d'une  chambro  afin 
de  Uii  permi'ttro  de  repondre  a  divers  criteres  dc  f  onct  ionnement . 
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FIGURE  4  :  DISTRIBUTION  DE  TEMPS  DE  SEJOUR  -  EXEMPLE  D' IDENTIFICATION  AVEC  UN  ASSEMBLAGE  DE 
REACTEURS  ELEMENTAIRES . 


COLORANT 


/////  REACTEUR  PISTON 
CZI  R.P.M 


FIGURE  5  !  SIMPLE  SWIRLER 


FIGURE  6  ;  DOUBLE  SWIRLER 


REPRESENTATION  SCHEMATIQUE  DE  L'ECOULEMENT  DANS  UN  POTTER  DE  TURBOMACHIHE 
MODELISATION  PAR  ASSEMBLAGE  DE  REACTEURS  ELEMENTAIRES. 


prrssion  d'inircticin  APj°<.6Sb 
vil»»r  dr  I'air  Vh:)9fn/s 


FIGUKE  11  :  EFTET  DE  LA  PDLVBXISATIOH  SUE  LA  LIMITE  FIGUEE  12  !  EFPET  DE  LA  PULVERISATION  SUR  LA  LIMITE 
D'EXTIKTIOM  PAUVRE  D'UN  R.P.M.  “  D’KXTINCTIOH  PAUVRE  O'ON  R.P.M. 

V  -  I  1,  d  BT  DISTRIBUTION  VARIABLES  VOLUME  ET  DISTRIBUTION  VARIABLES 
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FIGURE  16  ! 


CALCUL  DE  L'INEFFICACITE  DE  COMBUSTION 

COMPARAISON  AVEC  LES  RESULTATS  EXPERIMENTAUX  DE  CRAIG 


DISCUSSION 


CSheppard,  UK 

The  technique  of  breaking  down  a  combustor  into  a  series  of  well-stirred  and  plug  flow  reactors  has  the  attraction 
of  uncoupling  mixing  and  chemistry,  allowing  the  adoption  of  a  realistic  chemical  kinetic  scheme.  However  the 
method  has  a  fundamental  flaw  in  that  it  ignores  the  vital  interaction  between  combustion  and  turbulence;  a  good 
representation  of  it  is  necessary  to  predict  pollutant  formation  and  stability.  At  Leeds,  we  have  developed  a 
mixing  flow  reactor  which  incorporates  a  series  of  coalescence  and  dispersion  events,  following  the  ideas  of  Pratt. 
Have  you  attempted  to  model  your  flows  using  such  concepts?  1  would  also  appreciate  your  reaction  to  the  above 
comments. 

Rdponse  d’Auteur 

Je  connais  effectivement  les  travaux  de  Pratt  mais  nous  n*avons  jamais  essays  ce  concept  dans  nos  modules  de  calcul 
modulaire. 

Je  suis  d’accord  avec  vos  commentaires,  mais  nous  avons  plutdt  cherchd  a  obtenir  une  representation  correcte  de 
I’aerodynamique  car  sans  cela  tous  les  perfectionnements  sur  la  cindtique  chimique  ou  sur  I’interaction  entre  com¬ 
bustion  et  turbulence  n’ont  que  peu  d'interet.  Ensuite  nous  avons  pris  en  compte  le  caract^re  diphasique  de 
I’ecoulement  en  considdrant  le  mouvement,  rdvaporation  et  la  combustion  des  gouttes.  Enfln  le  module  peut  aussi 
tenir  compte  des  interactions  entre  turbulence  et  combustion  au  moyen  d’un  module  simplifle  de  type  “eddy  break 
up” 


G.Winterfeld,  Ge 

The  correlations  used  in  the  model  are  developed  for  a  SNECMA  combustor.  Can  you  comment  on  the  use  of  the 
correlations  for  combustors  of  different  geometries  and  hence  different  flow  fields? 

With  respect  to  recirculation  mass  flows  and  residence  times,  work  done  at  DFVLR  shows  that  for  recirculation 
zones  behind  bluff-bodies  there  are  considerable  differences  between  the  isothermal  case  and  the  case  with  com¬ 
bustion.  This  is  a  point  which  should  perhaps  be  looked  at  in  more  detail 

Rdponse  d’Auteur 

Effectivement,  je  n’ai  pr^sent^  que  des  comparaisons  portant  sur  des  maquettes  SNECMA.  Cependant,  ces  m^thodes 
ont  ^t6  appliqudes  d  un  nombre  important  de  g^om^ries  de  foyers  de  turbo  ou  de  stator^acteurs.  Les  conclusions 
que  nous  tirons  de  ces  etudes  sont  les  suivantes: 

Les  diff^rentes  chambres  de  combustion  rencontr6es  peuvent  se  moddliser  d  partie  de  3  ou  4  modules  difKrents 
de  foyers  £l6mentaires; 

certains  paramdtres  tels  que  le  d^bit  recirculd  peuvent  s’exprimer  simplement  en  function  de  paramitres 
gtom^triques  ou  cin^matiques  simples. 

Je  suis  d’accord  avec  votre  deuxiime  remarque,  mais  il  me  semble  que  I’influence  de  la  combustion  porte  surtout 
sur  les  points  suivants: 

longueur  de  la  zone  de  recirculation; 

dibit  entrain^  i  I’intirieurde  la  recirculation; 

ichange  massique  entre  la  recirculation  et  I’extirieur. 
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RESUME 


La  recherche  d'une  compacltA  crolasante  des  chambres  de  combustion  modernes  conduit  A  une  optimisation  de 
plus  en  plus  poussAe  de  ces  dernlAres  vlaant  A  assurer  dans  le  volume  le  plus  faible  possible,  les  per¬ 
formances  requises  de  rendement/pollutlon  et  de  stabilitA. 

Cette  optimisation  ne  peut  Atre  rAalisAe  de  manlAre  Aconomique  qu'en  dAveloppant  des  outils  de  calcul 
capables  d’estimer  les  performances  d’une  chambre  au  stade  de  1 'avant-projet. 

Le  modAle  prAsentA  dans  cet  article  est  basA  sur  le  principe  de  la  dAcompositlon  d’une  chambre  de  combus¬ 
tion  en  foyers  homogAnes  aArodynamlquement  couplAs  entre  eux  et  siAges  de  zones  rAactives  ou  la  combustion 
est  pilotAe  par  la  cinAtique  chlmlque.  Une  comparalaon  portant  sur  les  niveaux  de  pollution  et  les  limites 
de  stabllltA  calculAs  et  expArimentaux  a  AtA  effectuAe  pour  un  foyer  bldimensionnel  simulant  une  zone  pri- 
maire  de  chambre  de  combustion  d’une  part,  et  pour  une  chambre  complAte  d’autre  part. 


PREDICTING  A  COMBUSTOR  EFFICIENCY  AND  STABILITY  PERFORMANCES 


ABSTRACT 


The  need  for  an  Increased  compactness  of  modern  combustors  leads  to  an  ever  more  developed  optimization 
of  these  combustors,  that  aims  at  insuring  the  best  efficiency/pollution  and  stability  performances  in 
the  smallest  possible  volume. 

One  of  the  cheapest  way  to  achieve  such  an  optimization  is  to  develop  computer  codes  allowing  to  predict 
the  performances  of  a  combustor  at  the  design  stage. 

The  computer  model  presented  in  this  paper  is  based  on  the  principle  of  a  description  of  the  combustor  as 
a  aeries  of  well-stirred  reactors,  being  aerodynamically  coupled  with  each  other,  and  acting  as  reactive 
zones  where  combustion  is  controlled  by  chemical  kinetics.  This  paper  also  details  the  comparison  between 
computed  and  measured  emission  indexes  and  stability  limits  for  a  two-dimensional  reactor  simulating  a 
combustor  primary  zone,  as  well  as  for  a  complete  combustor. 

NOMENCLATURE 


Cp  Ctaleur  spAcifique  du  gaz  au  volsinage  de  la  goutte 

Cx  Coefficient  de  tratnAe 

D  DAblt  d'alr  d«  la  chambre  de  combustion 

Dr  DAbit  rAduit  »  D-^fte/Pte 

L  Chaleur  latente  de  vaporisation 

A  DAblt  masse  AvaporA  par  goutte 

Pr  Nombre  de  Prandtl 

Pte  Pression  totsle  amont  chambre 

R  Rayon  de  goutte 

Re  Nombre  de  Reynolds  ramenA  au  rayon  de  la  goutte 
SMD  DiamAtre  moyen  de  Sauter 

Ti  TempArature  de  vaporisation  du  carburant 

T«  TempArature  de  la  chambre  au  volsinage  de  la  goutte 
Tte  TempArature  amont  chambre 

V  Vitesse 

0*  Rapport  d  ’  Aqiii valence  du  fond  de  chambre 
^  P  Perte  de  charge 

>  ConductivitA  thermlque  du  gaz 

^  Masse  volumlque 

XI  Charge  aArodynamlque  -  - r- S - %■.  (V volume  de  la  chambre) 

V.Pti'®  e 

d  Tension  superflctalla 

INPICIS 

g  Gat 

G  Goutta 

t  Etat  initial 

L  Liquids 
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1  -  INTRODUCTION 


L* augmentation  du  cout  des  essais  partiels  de  combustion  a  conduit  les  motoristes  et  la  SNECMA  en 
particulier  h  se  doter  de  methodes  de  prevision  permettant,  au  stade  de  1 'avant-projet,  d'aboutir  A 
la  conception  d'un  foyer  dont  les  performances  soient  proches  de  I'objectif  k  atteindre. 

Ce  document  presente  une  methods  de  prediction  du  rendement  et  de  la  stability  et  Stablit  la  synthese 
des  recoupements  obtenus  avec  I'expSrience  concernant  I'indice  d'Amission  de  CO  et  les  limites  de 
stability  d'un  foyer  bidimensionnel  simulant  une  zone  primaire  et  d'une  chambre  de  combustion 
complete . 


2  -  DESCRIPTION  DU  MODELE 


2.1  -  Principe  de  la  methods  de  calcul 

Le  principe  de  la  modelisation  adoptee  pour  le  fonctionnement  d'une  chambre  de  combustion 
repose  sur  le  concept  de  la  decomposition  de  celle-ci  en  volumes  elementaires  assimilables 
soit  k  des  foyers  homog^nes,  soit  k  des  reacteurs  pistons  /I,  2,  3/.  En  depit  des  difficult^s 
de  mise  en  oeuvre  de  la  m^thode  sur  le  plan  a^rodynamique  (identification  des  foyers  41emen-> 
taires,  couplages  entre  ceux-ci»  distribution  du  carburant  dans  1 ' ecoulement) ,  ce  type  de 
module  presente  I'avantage  par  opposition  aux  modelisations  bi  et  tri-dimensionnelles  de  per- 
mettre  1 'utilisation,  pour  des  temps  de  calcul  raisonnables,  de  descriptions  d^taill^es  des 
m^canismes  de  cinStique  chlmique.  ^ 

2.2  -  Description  aerothermochimlque  de  I'^coulement 

2.2.1  -  Caracter^sat^on  a6rodyn€ml£ue  et__^repr6sentat^on  de__la  ch^bre 

L'ecoulement  au  sein  de  la  chambre  de  combustion  et  notamment  de  la  zone  primaire  a  ^t^ 
caractSris4  au  moyen  de  mesures  r^alisAes  en  analogic  hydraulique  sur  une  maquette  en 
plexiglass  simulant  un  secteur  de  chambre  6quip6  de  quatre  injecteurs  aArodynamiques  k 
double  vrille.  Cette  4tude  e}q}4rlmentale  a  et4  effectu^e  par  le  CERT  k  TOULOUSE  /4,  5/ 
et  a  n4cesslt4  la  mise  en  ouvre  de  diverses  techniques  comme  la  visualisation  k  I'aide 
de  traceurs  afin  de  mettre  en  evidence  les  grosses  structures  de  l'ecoulement,  la 
mesure  de  vitesses  par  fil  chaud  ou  par  ADL  pour  une  analyse  plus  fine  de  l'ecoulement, 
et  la  mesure  de  temps  de  sejour  permettant  d'identifier  des  volumes  assimilables  A  des 
foyers  elementaires  et  d'etablir  les  repartitions  de  debit  et  les  echanges  entre  ces 
differenta  foyers. 

La  chambre  de  combustion  est  ainsi  d^composke  en  volumes  reactifs  conformement  aux 
resultats  d'analogie  hydraulique  (figures  1  •  2  •  3).  Les  trois  foyers  representant  le 
fond  de  chambre  sont  alimentes  en  partie  par  le  debit  du  systAme  d' injection  et  sont 
couples  entre  eux  par  des  mouvements  de  recirculation,  les  deux  foyers  suivants 
compietent  la  zone  primaire,  et  les  autres  foyers  simulant  la  zone  de  dilution. 

Des  expressions  analytiques  tradulsant  1' influence  des  paramAtres  geometriques  et 
aerodynamiques  permettent  de  determiner  quantitativement  les  debits  alimentant  chacun 
de  ces  foyers. 

2.2.2  -  Mode^isation_de  la^chimie  de^la  combustion 

Les  nombreuses  etudes  portant  sur  la  cinetique  chimique  des  reactions  de  combustion  ont 
debouche  sur  la  conception  de  mecanismes  reactionnels  de  complexite  croissante  inter- 
venant  au  cours  de  I'oxydation  des  hydrocarbures . 

II  exists  deux  manlAres  principales  d'aborder  la  description  de  la  chimie  de  la  combus¬ 
tion  :  la  premiere  consists  k  utlliser  des  schemas  simplifies  tels  que  des  schemas 
globaux  qui  ne  comportent  qu'une  seule  reaction,  semi-globaux  k  plusieurs  etapes  /6,  7/, 
ou  quasi-globaux  avec  une  etape  globale  pour  la  decomposition  de  1 ’ hydrocarbure  et  un 
models  detailie  pour  les  phenomenes  d'oxydation  /&,  9/,  la  seconde  reside  dans  1 'utili¬ 
sation  de  mecanismes  detailies  pour  decrlre  A  la  fois  la  phase  de  pyrolyse  de  1 'hydro¬ 
carbure  et  la  phase  d'oxydation  /lO/. 

Dans  le  cadre  de  cette  etude  des  performances  en  stabilite  des  chambres,  un  schema 
cinetique  detailie,  derive  du  mecanisme  etabli  par  le  CRCCHT  d’ORLEANS  /lO/,  a  ete 
introduit  dans  le  modAle  de  calcul.  Ce  schema  est  implante  dans  une  version  qui 
comports  soixante  reactions  chimiques  eiementairss  et  fait  intervenlr  vingt  cinq 
espAces. 

Lors  d'une  rAcente  etude  des  performances  en  pollution  des  chambres  /ll/,  une  comparai- 
son  a  ete  effectuee  entre  un  schema  quasi-global  developpe  par  la  SNECMA  et  le  schema 
detailie  utilise  actuellement,  et  les  resultats  obtenus  sur  un  foyer  homogAne  unique 
ont  fflontre  I'intArAt  du  mAcanisme  detailie  par  rapport  au  schAma  qxiasi-global  dont  le 
comportement  en  rAgime  surstoechiomAtrique  est  nettement  erronA.  En  particulier,  le 
domaine  de  stabilitA  du  foyer  homogAne  est  trAs  bien  restituA  par  la  cinAtlque  dAtaillAe 
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2.3  -  Repartition  du  carburant  deins  la  chambre 

Le  carburant  est  introduit  dans  la  chambre  de  combustion  peur  un  dispositif  d' injection  dite 
aerodynamique.  II  est  injecte  sous  forme  de  nappe  liquide  par  une  fente  annulaire  en  presence 
d '^coulements  d'air  interne  et  externe  au  cylindre  ainsi  forme,  animus  de  certaines  vitesses 
initiales  par  rapport  au  carburant. 

En  vue  d'aboutir  a  une  modelisation  par  assemblage  de  foyers  homogSnes  acceptable,  plusieurs 
problemes  doivent  etre  consider6s  :  la  caracterisation  de  la  pulverisation,  la  modelisation  de 
la  Vitesse  relative  air  -  carburant  et  le  module  d’evaporation  du  carburant.  En  outre,  la 
repartition  initiale  du  carburemt  liquide  entre  les  differents  foyers  suit  une  loi  ^lementaire 
faisant  intervenir  les  debits  d’air  des  differents  orifices  du  systems  d' injection. 

2.3.1  -  Pulverisation 


La  formation  des  gouttelettes  resulte  d’un  processus  de  desintegration  de  la  nappe 
liquide  et  leur  taille  revet  une  importance  capitals  pour  le  fonctionnement  de  la 
chambre.  Des  etudes  theoriques  de  1* injection  aerodynamique  basees  sur  des  calculs  de 
perturbations  sont  effectu6es  en  laboratoire  /12/  pour  tenter  d'expliquer  les  phenome- 
nes  de  rupture  de  la  nappe  en  ligaments  et  de  formation  de  gouttes  par  rupture  de  ces 
ligaments. 

Par  ailleurs,  la  determination  experimentale  des  tailles  de  gouttelettes  par  diffrac¬ 
tion  de  lumiere  fait  I'objet  du  d^veloppement  de  nouvelles  techniques  /13/  ;  la 
SNECMA  est  pour  sa  part  equipSe  d'un  dispositif  d'essais  se  composant  d’un  injecteur 
aerodynamique  alimente  en  air  et  en  eau  debouchant  A  I'air  ambiant  sous  la  forme  d’un 
nuage  de  gouttes,  et  en  aval  duquel  est  dispose  un  granulomdtre  laser  MALVERN  /14/. 

Le  traitement  diff^re  du  signal  recueilli  permet  d' identifier  une  loi  de  distribution, 
par  exemple  de  type  Rosin-Rammler  /15/,  A  la  repartition  en  taille  des  gouttelettes,  et 
de  determiner  en  particulier,  pour  differentes  pertes  de  charge  du  systems  d’ injection, 
le  diametre  moyen  de  Sauter  note  SMD  /16,  17,  18,  19/  qu’il  est  possible  de  relier  aux 
performances  d' injection  par  une  relation  du  type  /20,  21/  : 

SMD  s  f  (debit  carburant/debit  d'air,  caracteristiques  physiques  de  I'air  et  du  carbu¬ 
rant,  perte  de  charge  et  caracteristique  geometrlque  de  I'injecteur). 

En  1 'absence  de  resultats  experimentaux  pour  un  injecteur  alimente  en  kerosene,  combus¬ 
tible  dont  la  tension  superficielle  est  nettement  plus  falble  que  celle  de  I'eau,  les 
SMD  equivalents  pour  le  kerosene  ont  ete  deduits  des  SMD  mesures  avec  de  I’eau  d’apres 
la  formulation  approchee  suivante  determines  A  partir  de  correlations  etablies  ante- 
rieurement  /21/  : 


SMD  (kerosene,  presaion)  > d  kerosene  ^atm.0,6  .  ^kerosene. 0,1 

SMD  (eau,  P  ,.  )  <S  eau  *  Pte  ?eau 

atm 

La  figure  4  presents  1 'evolution  du  rayon  de  goutte  ,  necessaire  k  1 ' initialisation 

ui 

du  calcul  et  deduit  des  mesures  granu 1  wne tr i ques ,  en  fonction  de  la  perte  de  charge  de  la 
chambre  qui  est  liee  au  debit  reduit  Dr  *  D  VtW  caracterisant  son  fonctionnement. 

Pte 

La  qualite  de  la  pulverisation  est  evidemment  degrades  lorsque  la  pression  decrott. 

2.3.2  -  Vitesse  relative  air  -  carburant 

La  modelisation  par  assemblage  de  foyers  homogenes  ne  permet  evidemment  pas  la  descrip¬ 
tion  fine  du  champ  aerodynamique  de  I'dcoulement  dans  la  chambre.  Le  mouvement  des 
gouttes  est  done  suppose  s'effectuer  dans  la  meme  direction  que  I'ecoulement  principal, 
ce  qui  conduit  A  1' equation  de  mouvement  suivante  : 


_ 2  -  .  2  25  (V  -  V  ) 

dt  8  Rq  '  G  g^ 


oO  Vq  dislgne  la  vlteaae  des  gouttes,  de  masse  volumique  ^^G,  et  la  vltesse  du  gaz 
de  masse  volumique  ^  g>  oalculie  dans  un  foyer  &  partir  du  d6blt  masse,  du  volume  et 
d'une  dimension  caracteristique. 


Le  rayon  de  goutte  R.  est  une  fonction  du  temps  122.1 ,  la  loi  de  dicroissance  utilisie 
eat  expllcltde  au  paragraphs  2,3.3.  La  vitesse  initiale  des  gouttes  Vq^,  estlmee  A 

partir  des  conditions  d' alimentation  en  carburant  et  de  la  gAometrle  du  dispositif 
d' injection,  est  trAs  falble  par  rapport  A  la  vitesse  du  gaz  au  voisinage  de  1' extinc¬ 
tion.  Le  coefficient  de  tratnAe  des  gouttes  Cx  est  fonction  du  noeibre  de  Reynolds  /23/, 
L'erreur  introdulte  par  cette  description  schAmatique  est  nAgligeable  car  la  vitesse 
relative  gaz  -  liquide  dimlnue  rapldement  aprAs  la  phase  de  pulvArlsatlon. 
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2.3.3  -  Evaporation  du_c^burant 

Le  carburant  est  injects  ponctuellement  en  fond  de  chanbre,  ce  qui  permet  de  supposer 
que  la  concentration  locale  en  oxygSne  y  est  assez  faible»  et  que  le  mouvement  relatif 
gaz  -  gouttes  est  suffisant  pour  empScher  la  combustion  des  gouttes  en  surface.  Cette 
remarque  conforte  le  choix  de  la  loi  d ‘evaporation  simple  /24/  qui  a  ete  introduite 
dans  le  modSle  : 

m  =  liis  (1  +  0,276 

avec  ;  ms  =  Log  (1  +  Cp  (Too  -  T^)  /  L) 

LP 


3  -  RESULTATS  OBTENUS 


3.1  -  Disposltifs  experimentaux 

En  vue  de  proc4der  A  des  comparalsons  entre  lea  resultats  du  calcul  et  lea  resaltats  d'easals 
rSaliaSs  au  banc,  le  module  a  Ate  teat^  sur  un  foyer  bidimenaionnel  comportant  cinq  injecteurs 
aerodynamiques  et  simulant  la  zone  primaire  d'une  chambre  de  combustion  d'une  part  et  sur  une 
chambre  exp6rimentale  complSte  d' autre  part. 

3.1.1  -  Lb_Toy6r  bj^di^mensionne^  -  2one_prima^re 

Le  foyer  bidimensionnel  simulant  une  zone  primaire  est  prAsentd  sur  la  figure  1. 

Celui-ci  a  4te  conqu  de  manidre  modulaire  de  faqon  A  pouvoir  dtudier  1 ' influence  des 
paramStres  auivants  : 

-  le  dAbit  du  syatAme  d'injection, 

-  le  dAbit,  le  blocage,  ou  la  position  axiale  des  trous  primaires. 

Son  fonctionnement  a  Atd  dtudid  dans  le  domaine  de  pression  et  de  temperature  suivant  : 

0,6  bar  <  Pte  4  bar 

300  K  <  Tte  <  625  K. 

Ce  domaine  est  celui  ou  la  modAlisation  chimique  a  le  plus  d' importance  sur  lea  rdsultata 
en  sortie  de  zone  primaire. 

Des  meaurea  par  prAlAvement  au  moyen  d'une  sonde  d'analyae  de  gaz  ont  Atd  effectuAes 

dana  le  aecteur  des  trois  injecteurs  centraux  de  maniAre  4  Aviter  les  effets  de  bords. 

Lea  principales  espAcea,  CO  -  COg  -  CHx  -  NOx  ont  AtA  mesurAea. 

3.1.2  -  La  chambre  expArimentale  complAte 

II  a'agit  d'une  chambre  de  combustion  conique  AquipAe  d'un  systAme  d'injection  aAro- 
dynamique  A  double  vrille. 

Une  coupe  schAmatique  de  la  chambre  est  presentAe  sur  la  figure  2. 

Son  fonctionnement  a  AtA  AtudlA  dans  le  domaine  de  pression  et  de  tempArature  suivant  : 

0,3  bar  ^  Pte  ^  15  bar 

300  K  ^  Tte  «  823  K. 

3.2  -  Etude  de  pollution 

Une  validation  du  code  de  calcul  dans  les  conditions  de  fonctionnement  prAsentAes  dans  le  paragraphe 
3.1  et  pour  diffArentes  configurations  gAomAtriques  dans  le  cas  du  foyer  modulaire  a  permis  de 

vArlfier  la  capacitA  du  modAle  A  prAdlre  les  indices  d'Amisslon  de  polluants  /ll/.  La  figure  5 

prAsentant  la  comparaison  entre  le  calcul  et  les  mesures  d' indice  d'Amisslon  de  CO  en  fonction 
de  la  charge  aArodynamique  constitue  une  Illustration  du  bon  accord  qui  a  pu  Stre  obtenu  aussi 
bien  sur  le  foyer  bidimensionnel  que  sur  la  chambre  complAte. 

3.3  -  Etude  de  stabilltA 


3.3.1  -  Ua_zone  grimalre 

Les  limit  a  d' extinction  pauvre  du  foyer  ont  AtA  calculAes  pour  des  tempAratures  A 
I'entrAe  mprlses  entre  300  K  et  623  K  A  la  pression  atmosphArlque  et  en  dApression  A 
3,6  bar  e  recotgiement  entre  le  calcul  et  I'expArience  est  satlsfaisant  compte-tenu 
Inc  citudes  dues  aux  difflcultAs  d'apprAclation  des  limites  expArlmentales  de 
vilitA. 

A  titre  d'exemple,  la  figure  6  Atablit  la  comparaison  entre  les  relevAs  expAriaentaux 
et  les  rAsultats  de  calcul  A  pression  atmosphArlque  et  pour  une  tempArature  amont  de 
300  K. 
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En  ordonnee  est  porte  le  rapport  d'equivalence  0  *  du  fond  de  chambre  et  en  abscisse 
figure  le  rapport  entre  le  d4bit  reduit  et  le  debit  r^duit  nominal. 

L' influence  du  rayon  de  gouttes  initial  est  nettement  mise  en  evidence  aux  faibles 
debits  reduits  pour  lesquels  la  stability  de  la  ccwnbustion  est  §troitement  liee  k  la 
qualite  de  la  pulverisation.  En  revanche,  pour  des  debits  reduits  plus  eleves,  la 
stabilite  est  essentiellement  controlee  par  la  cin^tique,  1* influence  de  la  taille  des 
gouttelettes  n'etant  plus  sensible. 

3.3.2  -  La_chambre_com£lete 

Des  recoupements  ont  et6  realises  k  300  K  et  pour  un  domaine  de  pression  de  0,6  a 
0,3  bar. 

La  figure  7  presente  la  comparaison  entre  le  calcul  et  1’ experience  pour  une  pression 
de  fonctionnement  de  chambre  de  0,3  bar.  Les  tendances  enregistrees  concernant  les 
limites  d'extinction  pauvre  ne  font  que  confirmer  les  resultats  obtenus  avec  le  foyer 
bidimensionnel . 

Les  limites  riches  experimentales  ne  sont  pas  des  limites  d'extinction  proprement 
dites  de  la  chambre,  mais  representent  en  fait  I'apparition  du  "torchage"  sur  banc 
d'essai  resultant  du  deplacement  vers  I'aval  de  la  chcunbre  de  la  zone  de  combustion 
vive.  Ce  ph^nomSne  peut  etre  interprete  par  le  calcul  en  consid^rant  que  le  recul  de 
la  flamme  entraine  une  extinction  du  fond  de  chambre,  d'ou  I'obtention  d*une  limite 
riche  comparable  a  1 'experience.  Les  resultats  du  calcul  sont  en  bon  accord  avec 
1' experience  sur  une  grande  partie  du  domaine  de  fonctionnement. 


4  -  CONCLUSION 


La  modelisation  des  chambres  de  combustion  par  assemblage  de  foyers  homogenes,  associ^e  k  I'emploi 
d'un  schema  cinetique  detains  permet  de  prevoir  de  maniere  satisfaisante  et  pour  des  couts  de  calcul 
moderes,  les  performances  de  rendement/pollution  et  de  stability  des  chambres. 

Le  choix  d'une  cinetique  d^taillee  rSsulte  de  tests  preliminaires  qui  ont  montr6  I'interSt  de  ce  type 
de  mecanisme.  Le  couplage  aerodynamique  entre  les  foyers  ^lementaires  a  6t6  §tudi§  exp§rimentalement 
par  analogie  hydraulique.  Des  essais  sp4cifiques  ont  ete  effectu^s  pour  determiner  les  caracteristi- 
ques  de  pulverisation  d'un  injecteur  de  type  aerodynamiique . 

Cette  methods  de  calcul  constitue  globalement  un  outil  de  prevision  et  d' extrapolation  particuliere- 
ment  utile  pour  le  developpement  de  chambres  nouvelles. 
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SUMMARY 
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A  new  drop-sizing  technique  for  slightly  absorbing  liquid  fuel  Is  proposed.  The  technique . relies  on 
laser  light  scattering  measurements  at  fixed  scattering  angle  in  the  sideward  region  G  ^ •60°)J''and  it 
exploits  the  effect  of  light  absorption  of  the  refracted  rays  that  pass  through  the  dro^ets.  A  theore¬ 
tical  calibration  curve,  comput^^  on  the  ground  of geometrical  optics  theory,  relate5a  measurable 
plane  polarization  state  (the  y  polarization  ratio)  with  droplet  dimensions  for  different  levels  of 
liquid  fuel  transparencies.  The  reasonably  good  approximation  of  the  geometrical  optics  to  the  exact 
solution  of  Maxwell  equation  for  a  plane  electromagnetic  field  incident  on  a  sphere  Is  also  discussed. 
Tnrthermore''  the  measure  procedure  and  the  sensitivity  of  the  teql^i^e  Is  Illustrated  through  selected 
experimental' examples.  ^V>r-  this  purpos^  heavy  oil  sprays  have  bem^generated  by  an  air  assisted  nozzle  on 
a  vertical  unconflned  burner  In  Isothermal  and  burning  conditions.  The*  radial  distribution  of  droplet 
sizes  and  polarization  ratios  allovca  characterization  of  spray  evolution  ffr'  the  early  regions  of  flame. 

INTRODUCTION 


Optical  measurements  methods  are  particularly  suited  to  the  study  of  the  behaviour  of  sprays  both  in 
isothermal  or  evaporating  regimes  and  a  large  body  of  literature  has  been  generated  on  this  subject 
/I, 2, 3/.  A  comparison  between  visualization  methods  and  those  based  on  laser  light  scattering  effects 
Indicates  that  the  last  ones  offer  the  advantage  of  a  better  sensitivity  toward  the  smaller  droplets  In 
the  spray  and  allow  more  easily  quantitative  measurements. 

So  far  the  laser  light  scattering  effects  more  largely  exploited  has  been  the  measurement  of  the  dif¬ 
fracted  light  In  the  forward  region  In  the  Fraunhofer  lobe/4,5/.  This  method  has  the  advantage  of  being 
Independent  from  the  optical  properties  of  the  droplets  but  suffers  the  Inconvenience  of  a  poor  spatial 
resolution,  which  may  be  overcome  only  partially  by  complex  tosiographlc  procedures/6/.  Therefore,  In  last 
few  years,  we  started  a  program  of  researches  In  order  to  explore  the  potentialities  of  scattering 
measurements  for  spray  diagnostics  at  different  scattering  angles  with  particular  regard  toward  the  side 
scattering  region  between  ^-60°  and  ^-130°,  trhere  a  better  spatial  resolution  may  be  achieved.  A  further 
advantage  of  this  approach  is  that  Che  optical  configuration  Is  simpler  than  Chose  employed  In  the  forward 
scattering  schemes  and  less  subjected  to  ray  distortions  due  to  the  temperature  gradients  In  the  medlum,80 
chat  It  may  be  used  successfully  also  In  Che  study  of  sprays  in  burning  conditions. 

A  preliminary  study  was  conducted  on  diesel  oil  sprays  by  measuring  Che  complete  angular  pattern  of 
the  Stokes  vectors  of  the  scattered  light  and  comparing  the  results  with  the  geometrical  optics  computa¬ 
tion  for  micronic  non  absorbing  spheres  ///.The  comparison  showed  Chat,  while  Che  forward  scattering 
regions  (10°<^<70°),  doailnated  by  Che  concribuCion  of  Che  refracted  and  reflected  rays, was  satisfactorily 
modelled  by  a  geometrical  optics  approach,  the  analysis  In  the  side  scattering  region  around  &-90*  has  to 
be  carried  out  In  terms  of  the  exact  Lorenz  Mle  electromagnetic  theory  for  polydisperse  clouds  of  spheres. 
In  a  subsequent  paper  Che  polarization  ratio  of  the  scattered  light  at  ^-105*  was  proposed  as 
quantitative  Indicator  of  the  modal  size  of  droplets  In  light  oil  sprays  and  some  examples  of  applications 
of  Che  method  to  spray  Interacting  with  different  air  flow  fields  are  also  given  /8/.  More  recently  the 
study  has  been  extended  Co  Che  evaporation  of  sprays, generated  by  pressure  driven  and  air  assisted 
nozzles.  In  Che  combustion  regime  /9/,  The  acraighcforward  extension  of  the  method  to  sprays  of  different 
fuels  requires  the  knowledge  of  Its  complex  refractive  index  and  a  cumbersome  Integration  of  the  Lorenz- 
Mie  formulas  over  Che  polydispersion  of  sizes.  However  In  the  case  of  heavy  oil  fuels,  which  are  absorbing 
In  the  visible,  a  simpler  approach  may  be  taken  also  using  a  geometrical  optics  analysis  of  scattering  in 
the  forward  near  ^-bO*. 

This  paper  has  therefore  the  primary  purpose  of  illustrating  this  new  optical  sizing  method  and  pre¬ 
senting  some  results  for  both  Isothermal  and  burning  heavy  oil  sprays  . 

1.  THEORETICAL  BACKGROUND 

The  quantity  of  relevance  for  LLS  measurements  is  Che  angular  scattering  coefficient  QiJ(  9  )  defined 
as  the  Intensity  of  light  scattered  in  the  unit  volume,  for  unit  intensity  of  the  Incident  beam,  under 
unit  scattering  solid  angle;  the  1  and  j  subscripts  stand  for  horizontally  (H)  and  vertically  (V)  polar¬ 
ized  light  In  the  Incident  and  scattered  beams  respectively  and  9* is  the  scattering  angle.  In  the  regime 
of  single  scattering, the  scattering  coefficient  for  vertically  polarized  light  is  directly  proportional  to 
the  total  number  concentration: 

where  C^  Is  the  scattering  cross  section  averaged  over  the  size  distribution  of  the  scatterers;  when 
the  incident  and  scattered  beams  are  both  polarized  in  the  horizontal  planes,  the  scattering  coefficient 

(2) 

The  polarization  ratio  between  the  scattering  coefficients  y  independent  on  the 
density  of  scatterers  and  is  determined  only  by  the  size,  shape  and  opticar'propartles  of  the  particle. 

Spray  generated  droplets  are  practically  spherical  and  exhibit  sizes  ranging  from  1  {im  to  2(X>  pm;  the 
real  part  n  of  the  complex  refractive  index  m^-lk  in  the  visible  varies  between  1.45  and  1.53,  depending 
on  the  paraffinic/aromatic  ratio  of  the  hydrocarbons  mixture.  The  imaginary  part  of  the  refractive  index  k 
is  directly  related  to  the  amount  of  polycyclic  aromatic  compounds  in  the  fuel  and  changes  appreciably 
with  the  scattering  wavelengths,  as  it  shall  be  discussed  later. Therefore  the  dependence  of  tha  angular 
scattering  cross  sections  in  both  polarization  planes,upon  the  refractive  index  a  and  the  size  parameter 
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of^nD/Xare  exactly  described  by  the  Lorenz-Mie  theory,  in  terms  of  infinite  series.  It  may  be  shown  that 
the  series  converges  for  a  number  of  terms  slightly  higher  than  a  and  consequently  a  relevant  number  of 
terms  has  to  be  taken  into  account.because  inside  a  spray  may  vary  between  5  and  1000;  furthermore  the 
solutions  for  a  single  sphere  exhibit  a  strongly  oscillatory  behaviour  in  the  angular  and  size  domains. 
Consequently  the  Lorenz-Mie  computations  have  to  be  averaged  over  a  size  distribution  in  order  to  make 
significative  comparison  with  the  experiments  normally  done  on  polydlsperse  droplets  systems.  Hansen  and 
Hovenier/lO/  executed  such  extensive  computation  of  the  angular  scattering  cross  sections  and  of  the  po¬ 
larization  ratio  for  polydispersion  of  non  absorbing  spheres  with  n  ranging  from  1.33  to  1.5.  For  the  size 
distribution  they  used  a  r  function  of  the  type: 


(-6  1K/  «^)  (3) 

where  01  is  the  modal  value  of  the  distribution. 

Fig.  1,  adapted  from  Hansen  and  Hovenier  paper,  illustrates  how  the  polarization  ratio  changes  with 
the  modal  size  for  clouds  of  polydlsperse  transparent  spheres  with  n*1.5  at  selected  scattering  angles. 
The  differences  between  the  behaviour  in  Che  forward  scattering  at  9*25**  and  9*  60^  and  that  in  the  side 
scattering  at  and  in  the  backward  at  9*160^  are  quite  evident. 

At9*25**  the ratio  exhibits  a  relatively  smooth  transition  from  the  Rayleigh  values  (o'<  1)  to  the 
constant  geometrical  optics  limit  («<>>1);  the  oscillations  shown  in  the  region  between  *3  and  6  are 
due  to  anomalous  diffraction  generated  by  the  interference  between  diffracted,  reflected  and  transmitted 
light  in  the  near  forward/11/.  The  same  behaviour  is  shown  at  9*60^  also  if  the  oscillation  due  to 
anomalous  diffraction  is  more  attenuated. 

On  the  contrary  in  the  side  and  backward  regions  ^  rises  from  the  Rayleigh  values  Co  a  very  marked 
maximum,  which  reaches  values  as  high  as  seven  for  9*160^,  and  then  decreases,  reaching  the  asymptotic 
geometrical  optics  limits  at  much  larger  values  respect  to  the  forward  scattering  case.  This  high 
sensitivity  of  the  polarization  ratio  may  be  understood  in  physical  terms  by  considering  that  beyond 
9*97**  the  scattered  light  is  the  sum  of  surface  waves  and  external  reflected  rays.  While  this  last 
contribution  can  be  treated  on  a  geometrical  optics  basis,  surface  waves  are  described  only  by  the 
elctromagnetic  theory  .  Surface  waves,  which  are  generated  by  grazing  rays  and  spray  off  their  energy 
travelling  around  the  periphery  of  the  sphere,  are  preferentially  polarized  in  the  horizontal  plane 
(f>n$  as  it  has  been  pointed  out  by  van  de  Rulst  /H/.When  Che  size  parameter  is  increased  the  energy 
must  be  distributed  over  a  larger  surface.che  external  reflection  contribution  becames  progressively  more 
relevant  and  because  Che  Fresnel  equations  predict  a  preferential  polarization  on  the  vertical  plane  the 
overall  ratio  declines. 

Therefore  the  polarization  effect  discussed  before  may  be  used  for  determining  the  modal  size  of 
droplets  inside  a  spray;  a  more  detailed  illustration  of  the  method  and  some  examples  of  applications  to 
diesel  oil  sprays,  atomized  by  pressure  and  air  assisted  nozzles,  have  been  presented  elsewhere/8.12/. 

Fig. 2  evidences  Chat  for  fuel  droplets  which  are  transparent  to  the  incident  laser  radiation  only  Che 
side  scattering  or  backirard  regions  are  usable  for  diagnostics  based  on  polarization  measurements  at  fixed 
angles.  However  when  the  droplets  are  able  to  absorb  the  incident  radiation  also  the  scattering  in  the 
forward  direction  may  be  used  for  sizing  measurements.  In  fact  in  this  region  where  the  ray  optics 
approximation  is  adequate,  the  scattered  rays  are  due  to  the  sum  of  refraction  and  external  reflection, 
with  a  negligible  contribution  of  surface  waves  effects. 

The  presence  of  a  non  zero  absorption  coefficient  produces  an  attenuation  of  the  refracted  ray  which 
travels  Inside  the  droplet,  but  has  a  minor  importance  on  the  Intensity  and  the  polarization  properties  of 
the  reflected  rays.  Obviously  the  net  effect  on  the  polarization  ratio  depends  also  on  the  size  of  the 
particle  and  on  the  scattering  angle.  In  fact  the  polarization  ratio  Is  expressed  by  the  following 
expression: 
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where  the  superscripts  refl  and  refr  stand  for  external  refraction  and  refractioni  C*'^®^'are  the  crosa- 
sectlons  for  the  refractive  contribution  conputed  for  a  purely  transparent  sphere  of  dlaneter  D.  K  ,  la 
the  absorption  coefficient  of  the  liquid  which  Is  related  to  the  loaginary  part  of  the  refractlve®Index 
with  the  fomula: 

K  .  (5) 

^  Is  the  angle  between  the®c<lngent  at  the  Impact  point  of  the  incident  ray  and  the  chord  described  by 
the  refracted  beam  and  la  a  function  of  the  scattering  angle  9'/13/. 

Fig. 2  reports  the  angular  profiles  of  the  polarization  ratio,  computed  through  eq.A  ,  for  a  50fm 
particle  with  n»1.5  for  the  transnarent  case  (k«0)  for  relatively  high  absorption  (k>lO~^)  and  for  a 
slightly  absorbing  condition  (k>10 

When  k  Is  equal  or  larger  than  10~^  the  refractive  contribution  la  practically  negligible  and  the 
polarization  la  determined  by  the  external  reflection  and  therefore  la  computed  through  the  Fresnel 
equations.  Consequentely  the  ^  ratio  la  equal  to  one  in  the  near  forward, goes  to  zero  In  correspondence  of 
the  Brewster  angle  at  ^oarotgCn)  -67*  and  then  increases  again  In  the^side  region. 

The  contribution  of  the  refracted  rays  are  fully  manifested  In  the  transparent  caaeiln  the  forward 
region  (5°<9<70‘)  the  croaa  sections  for  refraction  are  almost  one  order  of  magnitude  larger  than  those 
due  to  reflection  and  the  ^  ratio  behaviour  la  almost  coq>letely  determined  by  tham. 

The  refracted  beams  are  preferentially  polarized  on  the  horizontal  plane  and  goes  from  one  to  e 
maximum  of  1.4  In  corriapondence  of  tha  Brcwstar  angla. 

For  scattering  angles  larger  than  ^-70*  both  C  and  c'®  decllna  very  rapidly  and  their 
contribution  goes  to  zero  beyond  ^>90*,  at  the  limit  angle;  therefore  the  f  ratio  In  this  region  falls 
down  from  values  larger  than  one  to  the  pure  reflective  regime  dlacuascd  before. 

The  two  minima  at  ^-93’  and  9-157*  ara  due  to  the  rainbows  generated  by  two  and  one  intamal 
reflection  respectively  /14/.  However  It  la  worthwhile  to  underline  that  this  geometrical  optics  approach 
does  not  have  a  great  ralevance  for  tha  side  and  back  scattering  rtglona  bacauaa  It  doaa  not  taka  Into 
account  surface  wave  affects  and  poorly  describes  the  rainbow  and  glory  regions, 

A  partially  absorbing  particle  hat  polarisation  ratios  In  tha  forward  raglon  Incermsdlsta  bscwman  the 
two  cases  discusssd  abova.  Tha  largar  variations  occur  batwaan  9-60*  and  90*  bacause  In  this  raglon  the 
polarization  ratio  dut  to  axtamal  raflactlon  is  particularly  lowsr  than  that  due  to  pura  rafraetlon. 
Howevar  the  jf  fall  off  In  tha  region  between  tha  Brewstar  angle  and  tha  limit  angla  is  very  steep  and  la 
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influenced  by  the  exact  value  of  the  real  part  of  the  refractive  index,  whereas  at  ^*60*^  the  sensitivity 
of  the  j  ratio  toward  the  optical  depth  K  .  D  is  still  high,  but  the  choice  of  m  and  O'  is  not  so 
critical. 

The  computed  fall  off  of  ^  (60°)  with  kD  is  reported  in  fig. 3  where  the  separated  influences  of  the 
size  and  the  optical  absorption  are  also  shown. The  polarization  ratio  tends  to  its  reflective  limit  for  kD 
larger  than  0.3  pm;  it  oieans  that  ^  (60°)  may  be  used  for  determining  the  sizes  of  droplets  with  an  upper 
limit  of  300  pm  when  the  aba<^rption  index  is  equal  to  10  but  obviously  It  has  sensitivity  only  for 
particles  up  to  3pm  when  k«L0 

Hencefore  a  previous  measurement  of  the  absorption  index  of  the  liquid  is  critical  for  the  appli¬ 
cation  of  the  method  and  Che  spectrophotometric  measurements  of  k  from  200  to  800nm  of  the  heavy  oil  used 
in  this  experiment  are  shown  in  fig. 4,  together  with  the  corresponding  curves  for  heavy  and  light  crudes 
adapted  from  the  fluorescence  measurements  by  Hoge  /15/.  ^ 

The  k  profile  has  a  peak  at  220  ns  with  a  value  abound  10  and  Chen  decrease  in  the  visible;  at 
514.5  nm  (at  Che  laser  wavelength),  k  is  equal  Co  5.3x10  and  at  X  >600  nm  it  goes  down  to  1.2x10 

The  curve  relative  to  the  heavy  crude  is  quite  near  to  heavy  oil  distillate  whereas  Chat  obtained  for 
light  crude  exhibits  a  much  lower  absorption.  These  differences  are  indicative  of  different  concentrations 
of  Che  polycyclic  aromatic  compounds  in  Che  fuel  mixtures. 

2.  EXPERIMENTAL 

A  schematic  description  of  the  apparatus  for  light  scattering  measurements  is  reported  in  Fig.  5.  The 
light  source  used  in  our  experiments  was  an  Argon-Ion  Laser  tuned  on  Che  wavelength  X  *314.5  nm  with  1.4  W 
power.  A  finite  segment  of  the  laser  ( '^  300  pm)  is  focused  through  a  condensing  lens  on  the  aperture  of 
Che  detection  system  constituted  by  a  monochromator,  selecting  only  the  laser  wavelength,  and  a  photo¬ 
multiplier  transducing  the  scattered  radiation  in  a  d.c.  algnal.  The  angle  between  the  axes  of  the  laser 
and  of  the  collecting  optics  is  defined  as  the  scattering  angle  &  and  both  axes  lie  on  the  scattering 
plane  which  is  the  reference  for  the  definition  of  the  plane  polarized  light.  In  fact  Che  vertical  and 
horizontal  polarization  are  respectively  referred  to  the  electrical  field  perpendicular  or  parallel  to  the 
scattering  plane.  The  continuoua  rotation  of  the  laser  polarization  plane  was  allowed  in  our  experiment 
through  a  X/2  retarder  plate,  placed  in  front  of  the  laaer,  whereas  the  selection  of  the  polarization 
plane  of  the  scattered  light  was  performed  by  means  an  analyser  at  the  entrance  of  Che  detection  system. 

With  this  arrangement  we  can  measure  the  two  quantities  of  our  interest  Q  and  Qn^i  Che 

scattering  coefficients  measured  at  fixed  scattering  angle  ( <^*60°)  when  the  Incident  and  scattered  light 
are  the  same:  vertically  polarized  in  the  firat  case  (Q»»)  and  horizontally  polarized  in  the  latter  one 

A  more  focused  picture  of  the  experimental  set-up  and  of  measuring  methodology  can  be  obtained  by 
previous  papers  of  the  authors  /16,17/. 

Furthermore  It  Is  worthwhile  to  note  that  other  polarization  states  /18/  or  dlssyneetry  ratios 
between  two  scattering  angles  /17/  or  dispersion  ratios  between  tvo  light  wavelengths  /19/  may  also  be 
explored  with  this  kind  of  optical  set-up  for  sizing  or  particle  characterization  techniques,  but  this 
paper  will  deal  only  with  scattering  measurements  of  fixed  angle  ^  *60°  In  order  to  analyze  the  sensi¬ 
tivity  of  the  polarization  ratio  to  droplet  size. 

Vertical  uoconflned  sprays  in  Isothermal  and  burning  regimes  can  be  generated  up  to  a  fuel  mast  flow 
rate  of  30  kg/h  by  a  variable  swirl  burner  described  In  previous  papers  for  diesel  oil  flames  /  t7  •  20  /■ 
The  only  relevant  modification  Is  constituted  by  the  change  of  the  pressure  nozzle  with  an  air  assisted 
atomizer  drawn  In  Fig.  6. 

The  heavy  fuel  oil  is  Injected  through  four  peripheral  orifices  Into  a  pre-chamber  where  they  meet 
the  four  air  Jets  coaxial  to  the  geometrical  axis.  Both  Che  elr  and  the  liquid  fuel  are  forced  to  pass 
through  an  orifice  (j^-Q.V  nm)  at  very  high  velocity.  The  atomization  characteristics  have  been  preliminary 
assessed  using  diesel  fuel  oil  by  analyzing  drop  sizes  at  different  air-fuel  mass  ratios  (R)  /21/. 

A  spray  with  20*  aperture  is  generated  when  R>0.1  for  diesel  and  heavy  fuel  oil  and  droplets  diameter 

of  the  diesel  oil  on  the  axis  is  very  low/12,21/;  higher  values  of  R  do  not  affect  sensitively  the  cone 

aperture  but  decrease  the  modal  diameter  up  to  R-O.OS. 

Two  coaxial  ducts  ({^,*28  am,  ^^^-74  am)  confine  primary  and  secondary  air,  which  are  respectively 
axially  and  tangentially  oriented.  In  this  work  the  operative  conditions  are  fixed  as  It  follows 

Fuel  Atomizing  air  Primary  air  Secondary  air 

V  -  8  1/h  V  -  500  m/h  v  -  9000  Hl/h  v  -150000  Nl/h 

T  -  70*C  T  -  70*C  T  •  170*C  T  -  170*C 

n  -  0.48 

aw 

The  swirl  number  has  bean  calculated  following  Che  formula  by  Bair  and  Chlglar  /22/  for  a  fixed  position 

of  radial  swirl  blades  mounted  at  the  antrance  of  the  external  duct. 

3.  EXPERIMENTAL  RESULTS 

The  preliminary  maasuramants  of  the  f  polarization  ratio  have  bean  performed  on  tha  Isocharmal 
spray,  so_^hat  the  maaaured  ansorpclon  Index  at  X-S14.5  nm  la  surely  conscanc  avarywhara  In  tha  spray 
(k«5.5xl0  and  the  g  variation  can  ba  attributed  to  dlffaraot  average  sizes  of  the  droplets. 

The  radial  profiles  of  ^  in  tha  Isothermal  spray  are  reported  In  fig.  7  for  five  heights  above  Che 
burner.  A  unit  value  on  the  centerline  at  all  stations  keeps  conatant  wharaas  all  tha  profiles  avolva 
Coward  lower  values  outward.  The  most  scaap  radial  gradient  la  observed  at  t-20  m.  In  fact  at  y-12  am  It 
attains  a  value  of  0.43;  relatively  lower  gradlanta  are  measured  at  a-30  b  and  i-40  b,  evonthough  tha 
profiles  era  vary  similar  to  chat  one  relatively  to  x-20  am  and  tha  aoat  peripheral  poaltlon,  whare 
could  ba  aeaattre4, la  at  all  the  chraa  scatloas  around  12  Mi. 

On  the  opposite  aide  the  other  two  stations  show  a  more  gradual  dacllna  and  cover  a  Larger  area  up  to 
y-23  am.  Tha  aama  curves,  expraasad  in  taras  of  dlaaaeara  with  asauaptloa  of  aonodltparae  apray,  have  baan 
daducad  by  the  thaoratlcal  calibration  of  fig.  3  and  they  ara  raportad  In  fig.  8.  Analogous  coaBsnts  with 
Invtrslon  of  ttands  can  ba  rapaatad  for  theoe  profllea:  the  first  three  curvas  avldance  that  tha  spray 
pluns  In  the  early  region  retains  nors  a  cylindrical  shape  the  a  cona  one  and  that  higher  la  the  height 
lowar  is  the  dlamatar  of  tha  droplets  at  tha  perlphary  of  tha  spray,  tn  fact  the  largaat  stsa  of  D-IO  |m 
la  observable  at  s-20  tm,  y-10  m,  and  thle  valua  declines  to  i>-l(  fm  tanney  ■llllaatars  doanatmna. 
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This  radial  size  distribution  is  In  reasonable  agreement  with  the  atomisation  mechanism  proposed  in  a 
previous  paper  /21/  for  the  same  nozzle  spraying  diesel  oil:  the  high  velocity  slip  between  the  two  phases 
is  responsible  for  the  quite  high  level  of  atomization  on  the  center  whereas  a  little  amount  of  liquid 
escapes  the  gas  jet  and  it  survives  in  form  of  relatively  large  droplets.  In  this  early  regions 
aerodynamic  dispersion  due  to  the  central  axial  jet  Induce  the  small  droplets  to  mask  the  larger  ones. 
Only  at  the  station  z*S0  mn  the  entrainment  of  the  droplets  due  to  the  external  swirled  jet  become 
evident  and  a  more  uniform  profile  is  observable  also  at  z«60  on. 

Finally  it  is  interesting  to  follow  the  spatial  distribution  of  the  polarization  ratio  for  a  burning 
spray  in  fig.  9,  where  the  iso-value  contours  of  ^  are  reported  for  the  same  fluid-dynamic  inlet  condi¬ 
tions  of  the  isothermal  regime.  Along  the  centerline  the  ^ -ratio  does  not  keep  constant  value,  but  it 
decreases  quite  rapidly  in  the  first  50  mm  and  more  gradually  in  the  following  part. 

Much  steeper  gradient  are  observed  moving  outward  from  the  axis  and  a  relatively  wide  region,  where 
g  ranges  between  0.2  and  0.3,  is  detected  at  the  periphery  of  he  flame. 

These  low  values  are  circumscribed  within  a  dashed  line  in  order  to  underline  that  they  coincide  with 
an  area  where  a  yellow  luminosity  is  visually  observed;  so  that  it  is  not  surprising  that  a  S  value  of 
0.25  is  also  predicted  by  the  theory  for  the  submlcronic  soot  particles  /17/,  which  are,  in  fact, 
responsible  for  the  light  emission. 

On  the  other  side  the  axial  and  radial  decrease  of  central  part  can  be  related  to  the 

increase  of  therefore  it  is  open  to  speculation  whether  the  variation  has  to  be  attributed  to 

large  dimensions  on  the  border  of  the  spray  or  to  an  increase  of  the  absorption  coefficient  due  to 
production  of  heavier  polycyclic  compounds  through  liquid  phase  pyrolysis  near  the  flame  fronts.  It  seems 
plausible  that  a  selective  vaporization  favors  the  survival  of  large  droplets  near  the  nozzle  and  along 
the  axis,  whereas  pyrolysis  effects  are  more  pronounced  on  the  periphery  where  the  temperature  is 
relatively  high  to  cause  chemical  alterations. 

4.  DISCUSSION  OF  THE  OPTICAL  TECHNIQUE 

The  main  purpose  of  the  paper  was  to  explore  the  possibility  of  using  the  geometrical  optics  control¬ 
led  features  of  the  forward  pattern  of  scattered  light  in  order  to  determine  the  size  of  droplets;  there¬ 
fore  a  minor  emphasis  is  given  to  the  physical  description  of  the  spray. 

This  method  offers  the  normal  advantage  of  the  LLS  techniques  over  the  visualization  ones  of  being 
particularly  sensitive  towards  the  smaller  droplets  of  the  size  distribution  and  it  allows  consequently  a 
better  physical  understanding  of  the  atomization  process  itself.  Furthermore,  being  an  ensei^le  LLS 
technique  it  offers  the  possibility  of  studying  the  dense  regions  of  the  spray  where  the  single  counting 
particle  methods  are  not  applicable  /23/. 

An  obvious  disadvantage  of  this  method  consists  on  the  necessity  of  assuming  a  size  distribution  law. 
however  the  fact  that  the  scattering  cross  sections  are  described  by  simple  geometrical  optics 
expressions  instead  of  the  complex  Lorenz-Mie  series  allows  to  perform  the  integrations  analltically. 

The  polarization  ratio  depends,  as  It  was  discussed  before,  also  on  the  imaginary  part  of  the 
refractive  index  of  the  medium.  This  effect  nay  create  some  problems  when  the  optical  constants  are  vary¬ 
ing  for  thermal  or  chemical  processes,  as  it  happens  in  the  liquid  pyrolysis  phase  Inside  burning  sprays; 
however  when  the  size  of  the  droplets  are  known  indipendently,  e»g.  from  LLS  measurements  at  other  angles, 
the  value  of  the  t  polarization  ratio  might  be  used  for  inferring  the  absorption  index  Itself. 

Furthermore  the  strong  dependence  of  the  absorbing  of  hydrocarbons  mixture  on  the  wavelength  enlarges 
the  dynamic  range  of  the  technique  when  a  tunable  laser  or  polychromatic  lamps  are  used  as  light  sources. 
Also  different  scattering  angles  in  the  forward  should  be  considered;  for  instance  at  the  Brewster  angle 
the  horizontally  polarized  cross  section  due  to  refraction  goes  to  zero  and  the  overall  ratio  tends  to 
particularly  low  values. 

This  circumstance  has  a  relevance  for  burning  sprays  where  also  submlcronic  soot  particles  are 
present  in  the  system  because  measurements  of  horizontally  polarized  scattered  light  at  the  Brewster  angle 
furnish  a  direct  signature  for  this  last  class  of  particles.  A  comparison  between  the  polarization 
property  of  light  scattered  by  ensemble  of  droplets  In  the  forward  and  that  scattered  in  the  side  scatter¬ 
ing  region  is  also  interesting  for  physical  and  diagnostics  alma.  In  fact  side  scattering  polarization  is 
determined  by  the  sum  of  reflected  light  and  surface  waves  as  it  was  pointed  out  before;  consequently 
Independent  evaluation  of  the  partxcle  size  in  the  forward  should  permit  to  assess  the  Importance  of  the 
surface  scattering  effects  even  In  cases  where  the  optical  properties  of  the  droplets  are  not  precisely 
kno%m. 

A  final  comment  muat  be  addressed  to  a  comparison  between  droplet  diameters  estimated  in  this  paper 
for  heavy  oil  spray  with  those  obtained  for  light  oil  spray  In  a  previous  paper  /21/.  The  radial  size 
distribution  show  a  quite  similar  behaviour  for  the  two  fuels  st  the  same  heights,  eventhough  droplet 
sizes  of  the  heavy  oil  approxlmatlvcly  double  those  of  the  diesel  oil.  Therefore  the  same  atomization 
mechanism  can  be  inferred  for  both  fuels,  although  some  change  in  the  physical  properties  make  the  droplet 
diameters  higher.  The  viscosity,  also  taking  into  account  the  preheating  of  the  heavy  oil.  Is  the  only 
reasonable  parameter,  to  which  this  effect  can  be  attributed,  since  density  and  surface  tension  retain 
practically  the  same  value.  It  has  been  documented  /24/  that  the  shattering  of  the  liquid  due  to  velocity 
slip  between  the  two  phases  is  not  affected  by  viscosity,  so  that  the  reasonable  conclusion  is  that  higher 
viscosity  entails  larger  thickness  of  layers  or  filaments  which  are  formed  in  Che  nozzle  prechsmber. 
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POLARIZATION  RATIO 


Fig.  8  -  Radial  profile  of  the  droplet 
diameter  obtained  by  Fig.  7  by  means 
the  calibration  curve  of  Fig.  3. 
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1.0  SUMMARY 

I  - 

This  paper  presents  an  overview  of  results  obtained  in  the  Combustion  Model  Evaluation  research 
program  being  sponsored  by  the  Air  Force  Wright  Aeronautical  Laboratories.  The  characteristics  of  a 
bluff-body  research  combustor  used  in  this  program  are  described.  Data  obtained  with  a  laser  Doppler 
anemometer  system  and  a  coherent  anti-Stokes  Raman  scattering  system  are  presented.  These  results  and 
those  obtained  with  conventional  probe  devices  and  flow  visualization  techniques  are  compared  to  both 
time-averaged  and  time-dependent  calculations  of  the  near-wake  region  of  the  bluff -body  flow  field. 

The  results  of  computer  model  experiments  of  the  flow  field  for  different  diameter  bluff  bodies  are 
also  presented. 

2.0  INTRODUCTION  ' 


Computer  models  are  being  developed  and  utilized  in  some  combustor  development  programs  in  an 
attempt  to  reduce  the  development  cycle  and  the  associated  development  cost  [1,2,3].  The  combustor 
design  models  presently  provide  information  about  performance  trends  and  give  insights  into  the 
combustion  processes  instead  of  providing  quantitative  design  Information  [4].  Consequently, 
considerable  work  is  needed  to  thoroughly  assess  the  performance  of  existing  and  future  design  models 
and  to  improve  their  predictive  capabilities  in  practical  combusting  environments. 

In  1977,  the  Air  Force  Wright  Aeronautical  Laboratories/Aero  Propulsion  Laboratory  (AFWAL/APL) 
initiated  a  Combustor  Model  Evaluation  (CHE)  research  program.  This  was  viewed  as  a  long-term  program 
with  two  primary  objectives;  to  develop  and  evaluate  the  performance  of  probes  and  advanced  laser 
measurement  techniques  in  combustion  environments  and  to  use  the  proven  techniques  in  experiments  to 
evaluate  and  develop  combustor  models.  To  date,  much  of  the  work  on  the  CME  program  has  involved  the 
development  and  study  of  a  special  research  combustor  at  APL  that  is  used  to  evaluate  the  performance 
of  the  measurement  techniques  and  combustor  models.  Also,  laser  Doppler  anemometry  (LDA)  and  coherent 
anti-Stokes  Raman  spectroscopy  (CARS)  systems  have  been  developed  on  Air  Force  contracts  for  utiliza¬ 
tion  in  the  APL  Combustion  Research  Facility. 

This  paper  presents  an  overview  of  the  results  from  the  CME  program.  Results  from  high  speed  cine 
pictures,  conventional  probes  and  LDA  studies  of  the  turbulent  processes  in  the  APL  research  combustor 
are  presented.  CARS  is  just  beginning  to  be  used  as  a  combustion  research  tool  in  the  facility  and 
some  of  the  initial  results  are  also  presented.  The  data  from  these  studies  are  used  to  evaluate  both 
steady-state  (time  averaged)  and  unsteady  (time-dependent)  computer  models.  A  good  qualitative  under¬ 
standing  of  the  rather  complicated  processes  occurring  in  the  research  combustor  has  developed  from 
several  years  of  studying  the  combustor.  This  understanding  has  been  enhanced  by  studying  the  results 
of  computer  model  calculations.  The  experimental  and  theoretical  results  are  presented  in  a  way  to 
illustrate  the  understanding  gained  from  both  a  time-averaged  and  a  dynamic  view  of  the  turbulent 
processes.  Results  which  have  been  presented  in  other  technical  articles  are  referenced  so  that  due 
credit  is  given  to  other  participants  in  the  CME  program.  Since  results  are  stressed  in  this  paper, 
detailed  descriptions  of  the  LDA  and  CARS  systems  and  of  the  computer  models  are  not  presented.  The 
interested  reader  can  consult  the  referenced  articles  for  these  details. 

3.0  APL  COMBUSTION  RESEARCH  FACILITY 


The  APL  combustor,  shown  in  Figure  1.  consists  of  a  shrouded  disk  with  fuel  injected  from  a  tube 
located  in  the  center  of  the  disk.  This  configuration  was  proposed  by  Dr  S.N.B.  iferthy  and 
Dr  J.A.  Skifstad  of  Purdue  University  after  reviewing  Air  Force  combustion  research  needs,  including 
those  reported  by  Goulard,  et  a1  in  Reference  5.  The  combustor  has  simple  axisyametric  geometry  for 
ease  of  modeling  and  the  air  velocity  profile  established  at  the  combustor  inlet  plane  is  nearly  flat. 
The  configuration  provides  easy  measurement  access  to  the  combustor  inlet  plane  and  the  reaction  zone. 
Also,  the  configuration  permits  complexities  to  be  added  to  the  combustion  process  such  as  changing 
from  gaseous  to  liquid  fuels,  nonswirling  to  swirling  air  flows  and  unmixed  to  premixed  fuel  and  air. 
However,  the  centerbody,  with  current  dimensions,  is  not  an  ideal  research  combustor  because  the  small 
diameter  of  the  fuel  jet  and  the  large  separation  between  the  fuel  jet  and  the  annular  Jet  cause 
problems  in  choosing  a  computational  grid  and  in  making  measurements  at  the  fuel  exit  plane.  A  large 
fuel  jet  has  been  Investigated  but  the  resulting  flaaws  were  not  symnetric.  Even  with  these 
difficulties,  we  believe  that  the  combustor  offers  an  adequate  simulation  of  practical,  recirculating 
flow  fields  for  evaluating  combustor  models  and  represents  a  good  compromise  between  a  simple,  well 
controlled  laboratory  burner  and  a  practical  combustion  device. 

The  centerbody  is  mounted  in  a  specially  designed  duct  as  shown  in  Figure  2.*  The  duct,  referred 
to  as  the  combustion  tunnel,  has  two  viewing  sections,  one  106  cm  long  and  the  other  76  cm  long.  A 
total  of  nine  access  ports  provide  both  optical  and  conventional  probe  access  to  important  coiiA>ustion 
regions.  Each  port  is  30.5  cm  long  by  7.6  cm  wide  and  can  be  filled  with  either  an  optical  window  or  a 


*  The  comfiustion  tunnel  was  designed  by  Or  T.J.  Rosjford  of  the  United  Technologies  Research  Labora¬ 
tories  and  by  Prof  L.I.  Boehman  of  the  University  of  Dayton. 


metal  plate  as  required  by  the  experiment.  The  access  ports  are  arranged  for  probing  various  axial 
test  regions  from  three  ports  located  90degrees  apart.  Additional  details  about  the  combustion 
research  facility  are  given  in  Reference  6. 

Air  supplied  to  the  combustion  tunnel  can  be  preheated  by  passing  it  through  an  unvitiated  air 
heater.  This  system  is  capable  of  supplying  3.4  kg/s  of  air  at  temperatures  up  to  900  K.  The 
combustion  tunnel  was  designed  to  operate  at  pressures  up  to  6.5  atms.  To  date,  all  experiments  have 
been  conducted  at  atmospheric  pressure  and  room  inlet  temperatures. 

4.0  INSTRUMENTATION  DESCRIPTION 

A  2-component  LOA  system  was  designed  based  on  the  experience  obtained  with  a  one-component  system 
[7],  Polarization  is  used  to  separate  the  two  velocity  components  and  a  Bragg  cell  is  used  to  remove 
directional  ambiguity.  The  scattered  light  is  collected  with  off-axis  optics  and  transmitted  by  optic 
fibers  to  two  photomultipliers  in  the  facility  control  room.  The  photomultiplier  signals  are  amplified 
and  processed  by  two  modified  TSI  1990A  processor  counters.  A  Norland  Instruments  Model  5400  multi¬ 
channel  analyzer,  connected  to  the  processor  counters,  gives  a  preliminary  on-line  data  viewing 
capability.  The  primary  data  are  collected  by  interfacing  the  processor  counters  to  the  facility 
computer  in  a  way  that  permits  data  collection  rates  up  to  130K  data  points/s.  A  10  MHz  oscillator  is 
used  to  clock  events  on  each  channel  so  that  simultaneous  two  velocity  component  data  can  be  obtained. 
Two  fluidized-bed  seeders  are  used  to  simultaneously  seed  both  the  fuel  and  air  flows.  Detailed 
descriptions  of  the  LOA  system  are  presented  in  References  8  and  9. 

The  CARS  system  is  based  upon  a  folded  BOXCARS  optical  configuration  which  permits  high  spatial 
resolution  [10,11],  The  system  design  was  based  on  the  results  of  extensive  laboratory  tests  [12,13] 
and  the  experiences  gained  by  testing  a  hardened  colinear  CARS  system  in  the  APL  Combustion  Research 
Facility  [14].  The  system  is-capable  of  making  simultaneous  temperature,  N-  and  0-  concentration 
measurements  at  a  point  (<lmm'^)  in  a  10  ns  time  period.  The  CARS  system  15“^ interfaced  to  the  facil¬ 
ity  computer  so  that  it  can  continuously  collect  and  store  the  data  from  14,000  laser  shots  at  a  rate 
of  10  Hz  before  filling  a  magnetic  tape.  Detailed  descriptions  of  the  optical  configuration  and  the 
data-col lection  electronics  are  described  in  Reference  15. 

Conventional  probes  are  also  used  to  make  measurements  in  the  combustor.  The  probe  is  mounted 
vertically  through  a  special  slide  arrangement  located  on  the  top  of  the  duct  as  illustrated  in  Figure 
2.  The  slide  permits  access  to  axial  regions  covered  by  the  window  without  removing  the  probe.  In 
some  experiments,  CO,  was  injected  from  the  central  jet.  CO,  concentrations  were  measured  with  a  3.175 
mm  diameter  probe  ana  a  gas  sampling  system.  In  combusting  experiments,  temperatures  were  measured 
with  a  Type-R  shielded  thermocouple  probe.  The  radiation  losses  are  assumed  to  be  negligible  and  the 
indicated  temperatures  are  presented.  The  probe  housing  is  water  cooled  and  has  an  outside  diameter  of 
6.35  mm.  Much  of  the  understanding  of  the  dynamic  characteristics  of  the  flame  in  the  APL  combustor 
has  resulted  from  studying  high  speed  cine  pictures.  A  Photec  IV  high  speed  camera  was  used  to  make 
the  pictures.  The  camera  has  an  f  stop  of  2.8  with  an  18  mm  focal  length  lens.  The  framing  rate  could 

be  varied  from  500  to  8000  frames/s.  Pictures  were  also  made  with  a  wide  angle  fish-eye  lens  with  an  f 

stop  of  5.6. 

5.0  THEORETICAL  CONSIDERATIONS 

Results  of  theoretical  predictions  from  time-averaged  and  time-dependent  fluid  dynamic  computer 
codes  are  presented  in  this  paper.  The  time-averaged  code  was  developed  at  Imperial  College  as  a 
teaching  aid  and  is  called  TEACH  (Teaching  Elliptic  Axisyrmetric  Characteristics  Heuristically)  [16]. 
This  code  provides  the  framework  for  the  codes  that  are  presently  used  as  design  aids  in  gas  turbine 

development  programs  [2,3],  The  code  uses  a  hybrid  upwind/central  finite  differencing  scheme  to  solve 

the  elliptic  form  of  the  time-averaged  Navier-Stokes  equations  as  formulated  from  an  Eulerian  reference 
frame.  Closure  is  obtained  by  using  the  k-t  turbulence  model.  A  computational  grid  of  41  axial  nodes 
and  34  radial  nodes  was  used  in  the  calculations.  The  axial  grid  extended  2.14D  downstream  which  is 
well  past  the  recirculation  zone.  The  details  of  the  calculations  are  given  in  Reference  17. 

The  TEACH  Code  predictions  are  given  for  nonreactive,  i incompressible  flow  where  CO?  is  Injected 
from  the  central  fuel  jet  with  air  injection  from  the  annulus  jet.  The  governing  equations,  as 
presented  in  Reference  17,  are  given  in  Table  1  where  4  is  a  general  dependent  variable,  S,),  is  the 
source  term  for  4,  Yp  is  the  mass  fraction  for  the  central  jet,  Pk  is  the  rate  of  generation  of 

turbulent  energy.  Tij,  is  the  effective  exchange  coefficient  for  the  transport  of  the  variable  4  and  is 

given  by  ueff/04  where  Peff  effective  viscosity  and  oa  Is  the  appropriate  effective 

Prandtl /Schmidt  number  for  4-  The  effective  viscosity  is  given  by  the  sum  of  the  laminar,  u,  and 
turbulent  eddy  viscosity,  pt  where  ut  *  Cypk‘/eo.  Cy  Is  a  constant  equal  to  0.09,  p  Is  the  fluid 
density,  k  is  the  turbulent  kinetic  energy  and  e  is  the  turbulence  energy  dissipation  which  Is  equal  to 
kd/Z/i^  where  ii  is  the  turbulent  length  scale.  For  the  annulus  jet  the  length  scale  ti  Is  given 
by  X  (D'  -  0)/2  where  X  is  a  constant  equal  to  0.3333.  For  the  central  jet  tj  ■=  X(d/2). 

A  sunmary  of  the  boundary  conditions  used  In  the  TEACH  Code  calculations  is  given  In  Table  Z. 

The  inlet  velocities.  Win  turbulent  kinetic  energy,  k,  were  specified  In  two  different  ways.  In 
Case  1,  flat  velocity  profiles  were  assumed  for  both  the  annulus  jet  and  the  central  fuel  jet.  For 
this  case,  Wfn  is  the  average  velocity  calculated  from  the  measured  mass  flow  rate  and  k  was  set  equal 
to  (TURBIN) (Win)^  where  TURBIN  has  a  constant  vclue  of  0.03.  The  Case  1  inlet  profiles  are  given  In 
Figures  3  and  4  along  with  the  normalized  experimental  data.  In  Case  2,  the  best  fit  of  the 
experimental  velocity  and  rms  data  were  used  for  the  annulus  jet.  These  profiles  are  given  by  the 
solid  line  curves  In  Figures  3  and  4.  Flat  profiles  were  used  for  the  Case  2  fuel  jet.  The  mass  flow 
rate,  obtained  by  integrating  the  measured  velocity  profiles  for  both  the  annular  and  central  jets, 
agreed  with  the  metered  mass  flow  rates  within  51  In  both  cases  [9]. 


The  time-dependent  code  was  developed  at  the  Air  Force  Wright  Aeronautical  Laboratories/Flight 
Dynamics  Laboratory  [18,19,20].  The  time-dependent  .ompressible  Navier-Stokes  equations  are  solveo 
using  MacCormack's  explicit  finite  difference  scheme  [21],  Closure  is  automatically  satisfied  by  the 
time-dependent  Navier-Stokes  equations  provided  that  the  computational  grid  has  sufficient  resolution. 
However,  this  is  accomplished  at  the  expense  of  large  computing  times  with  approximately  12i  hours 
being  used  on  the  CDC  CYBER  750/175  computer  to  calculate  25,700  time  steps  that  correspond  to  about  68 
ms  of  real  flow  time.  The  turbulent  frequencies  resolved  by  the  60  axial  and  46  radial  grid  points  is 
about  3000  HZ  which  corresponds  to  large  eddy  simulation  of  the  turbulence.  The  code  is  presently 
restricted  to  one  species  and  was  used  to  calculate  the  flow  field  for  the  centerbody  with  no  flow  from 
the  central  jet.  Additional  information  about  the  time-dependent  code,  the  computational  grid  and  the 
boundary  conditions  used  in  the  centerbody  calculations  are  given  in  Reference  22. 

6.0  TEST  CONDITIONS 


Experiments  were  conducted  at  various  air  and  fuel  flow  rates.  Isothemial  experiments  were 
conducted  using  CO-  injection  from  the  central  jet.  Combustion  experiments  used  propane  fuel.  The 
experiments  were  conducted  at  a  pressure  of  0.98  bars.  The  air  and  fuel  flow  conditions  are  suinnarized 
in  Tables  3  and  4. 


7.0  TIME-AVERAGED  RESULTS  AND  DISCUSSIONS 
7.1  Annular  Jet 


Bluff  bodies  have  been  actively  studied  for  the  past  30  years.  Much  of  the  research  is 
motivated  by  the  need  to  understand  their  flame  holding  characteristics  [23].  Although  much  has  been 
learned,  many  of  the  details  concerning  the  recirculation  zone  and,  specifically,  the  role  of  the 
recirculation  zone  on  flame  stabilization  are  not  understood.  A  major  impediment  has  been  the  lack  of 
suitable  instrumentation  for  measuring  velocities  and  turbulence  intensities  in  combustion  recircu¬ 
lation  zones.  For  example,  a  probe  technique  has  not  been  developed  for  measuring  velocities  in 
reacting,  recirculating  flows.  Hotwire  probes  can  provide  useful  information  in  nonreacting  flows  but 
they  suffer  from  the  inability  to  distinguish  axial  flow  direction.  Multipoint  Pitot-static  probes 
have  been  used  with  some  success,  but  there  is  always  the  question  about  whether  the  probe  has 
disturbed  the  flow  and  thus  influenced  the  measurement  [24].  LDA  overcomes  many  of  the  problems 
associated  with  probes  in  that  it  can  be  used  to  make  a  point  measurement  of  different  velocity 
components  and  their  associated  turbulence  intensities  at  high  data  rates  in  both  nonreacting  and 
reacting  flows.  Its  development  and  application  is  a  major  step  towards  expanding  the  understanding 
of  recirculating  flows  as  illustrated  in  recent  studies  [25,26]. 

In  this  section,  LDA  will  he  used  to  examine  the  time-mean  characteristics  of  the  annular  jet  in 
the  near-wake  region  of  the  bluff  body  without  central  fuel  injection.  Caution  must  be  used  in 
applying  LDA  because  seeding  can  lead  to  significant  bias  errors  that  are  difficult  to  assess  [27]. 

The  LDA  data  presented  in  this  section  were  used  to  calculate  the  mass  flux  across  the  duct  at 
different  axial  stations  in  the  recirculation  zone.  The  measured  and  integrated  mass  flux  for  air 
agreed  within  ±5*  at  all  stations  [9]. 


Figure  5a  shows  contour  maps  of  the  stream  functions  constructed  from  the  LDA  data  and  Figures  5b 
and  5c  show  TEACH  Code  calculations  using  measured  (Case  2,  see  Section  6.0)  and  flat  (Case  1)  inlet 
profiles,  respectively.  There  is  very  good  agreement  between  the  experimental  and  theoretical  data  for 
the  region  outside  of  the  recirculation  zone.  In  the  recirculation  zone,  the  experimental  and 
theoretical  contours  show  the  same  general  trends  and  there  appears  to  be  reasonable  quantitative 
agreement  except  for  the  location  of  the  vortex  center  and  the  length  of  the  recirculation  zone.  There 
is  good  agreement  for  the  radial  location  of  the  vortex  center;  however,  there  is  a  large  discrepancy 
in  the  axial  location.  The  measured  inlet  conditions  do  improve  the  accuracy  of  the  TEACH  Code 
calculations  of  the  vortex  center  but  not  for  the  length  of  the  recirculation  zone. 

Figure  6  shows  more  comparisons  of  theoretical  and  experimental  data.  The  predictions  use  the 
measured  inlet  profiles.  In  general,  there  is  reasonable  agreement  between  the  measured  and  predicted 
values.  Much  of  the  disagreement  that  is  present  results  from  incorrect  predictions  of  the  vortex 
center  and  the  end  of  the  recirculation  zone.  The  turbulence  Intensities  along  the  centerline  (Figure 
6e)  show  the  largest  discrepancies.  Near  the  end  of  the  recirculation  zone,  the  data  shows  a  peaking 
in  turbulence  intensity,  whereas,  the  TEACH  Code  shows  a  continuously  decreasing  trend.  Large 
discrepancies  in  turbulence  intensities  have  also  been  noted  by  other  researchers  and  may  be  a  result 
of  the  isotropic  characteristics  of  the  k-c  model  [28]. 

The  zero  axial  velocity  surface  (Figure  6a)  is  Important  in  understanding  the  characteristics  of 
the  recirculation  zone  because  it  separates  the  forward  and  reverse  flow  regions.  Also,  the  vortex 
center  is  located  on  this  surface  at  the  point  where  the  radial  velocity  determined  along  the  surface 
is  zero  as  shown  in  Figure  6b,  The  vortex  center  occurs  near  the  axial  location  where  the  axial 
velocity  centerline  profile  has  a  maximum  negative  value  (Figure  6c)  and  where  the  reverse  mass  flow 
rate  peaks  (Figure  6d).  Although  the  experimentally  determined  vortex  center  is  downstream  from  the 
theoretical  value,  the  experimental  data  in  Figures  6c  and  6d  also  show  this  trend.  Presenting  the 
TEACH  Code  results  in  the  way  shown  in  Figure  6  makes  it  intuitively  obvious  that  the  vortex  center 
should  occur  at  the  axial  station  where  the  reverse  mass  flow  rate  peaks  and  that  this  should  be  close 
to  the  axial  location  where  a  maximum  negative  velocity  occurs  on  the  centerline  profile  [17].  These 
simple  results  illustrated  to  us  the  potential  of  using  the  computer  codes  to  gain  new  Insights  into 
complex  turbulent  flows. 

Computer  models  offer  a  new  tool  to  explore  the  characteristics  of  recirculating  flows.  It  would 
take  months,  if  not  years,  to  accumulate  the  experimntal  data  such  as  velocity,  turbulence,  kinetic 
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energy,  species  concentration,  temperature,  pressure,  etc.,  in  the  detail  that  can  be  provided  in  a  few 
minutes  of  computer  time.  The  importance  of  these  data  can  be  significant  because  the  trends,  if  not 
the  accuracy,  provided  by  the  models  are  normally  very  good.  This  offers  the  opportunity  to  design 
'computer  experiments  in  which  trends  can  be  selectively  explored  as  different  parameters  of  the 
recirculating  flow  field  are  changed.  The  insights  gained  from  such  computer  experiments  can  be  of 
great  aid  ir  designing  the  actual  experiments.  An  illustration  of  the  insights  provided  by  computer 
experiments  is  presented  in  the  following  paragraphs. 

The  computer  experiments  are  patterned  after  recent  experiments  by  Kundu  and  co-workers  that 
demonstrated  the  importance  of  the  recirculation  strength  on  the  flame  stabilization  characteristics  of 
bluff  bodies  [29].  The  recirculation  strength  is  the  maximum  value  of  the  normalized  reverse  mass  flow 
rate  reasoned  that  the  process  of  heat  exchange  in  a  premixed,  bluff-body 

stabi 1 ized 'flame  is  controlled  by  the  fluid  mechanics  of  the  recirculation  zone.  Indeed,  the 
recirculation  strength,  as  determined  from  isothermal  experiments,  correlated  well  with  the  blow-off 
velocity  and  calculations  of  the  heat  exchanged  between  the  mainstream  and  the  recirculation  zone. 

They  also  conducted  experiments  in  isothermal  flows  in  which  the  axial  profiles  of  reverse  mass  flow 
rate  were  measured  for  different  geometries  and  widths  of  two-dimensional  bluff  bodies.  We  conducted  a 
similar  investigation  using  computer  experiments  to  study  the  effects  of  various  diameter  centerbodies 
in  the  APL  combustion  tunnel  on  the  recirculation  zone.  The  same  Case  1  (see  Section  6.0)  flat 
velocity  and  turbulent  kinetic  energy  inlet  profiles  used  in  Reference  17  were  also  used  in  these 
computer  experiments. 

The  first  computer  experiment  was  conducted  to  determine  if  the  TEACH  Code  correctly  predicts  that 
the  axial  profile  of  reverse-mass  flow  rate  is  independent  of  air  flow  rate  for  a  given  bluff  body 
geometry.  The  results  in  Figure  7  show  that  the  TEACH  Code  does  predict  this.  The  next  computer 
experiment  was  designed  to  determine  the  influence  of  centerbody  diameter  on  reverse  mass  flow  rate. 

It  should  be  realized  that  in  conducting  computer  experiments  where  the  centerbody  diameter  is  varied, 
that  the  turbulence  length  scale  also  varies  because  of  the  way  the  inlet  conditions  have  been 
specified.  The  results  given  in  Figure  8  show  that  the  recirculation  strength  increases  with  increasing 
centerbody  diameter.  This  trend,  for  two-dimensional  bluff  bodies,  was  measured  by  Kundu  and 
co-workers  [29];  however,  there  are  also  some  differences.  Their  measurements  show  that  the  length  of 
recirculation  zone,  normalized  by  the  width  of  the  bluff  body,  decreases  with  increasing  bluff  body 
width.  This  trend  is  just  the  opposite  of  that  given  in  Figure  8.  Also,  they  showed  that  the  axial 
location  of  the  peak  reverse  mass  flow  rate,  which  we  know  from  the  model  results  is  the  location  of 
the  vortex  center,  did  not  change  with  bluff  body  size  for  a  given  bluff  body  configuration;  whereas, 
there  is  some  dependence  shown  in  Figure  8.  The  measured  normalized  lengths  of  the  two-dimensional 
recirculation  zones  are  about  a  factor  of  3  longer  than  that  for  the  centerbody. 

Computer  experiments  were  used  to  examine  the  relationship  between  the  recirculation  strength  and 
the  blockage  ratio.  Figure  9  shows  the  results  of  the  TEACH  Code  calculations  for  the  centerbody  with 
and  without  curvature  correction,  the  experimental  results  from  Reference  29  for  a  two-dimensional 
plate,  the  results  of  Davis  and  Beer  [30]  for  a  disk  without  a  duct  and  the  APL  centerbody  experimental 
result.  A  description  of  the  modified  TEACH  Code  with  streamline  curvature  is  given  in  Reference  31. 
Kundu  and  co-workers'  data  show  that  the  recirculation  strength  varies  linearly  with  blockage  ratio. 

The  TEACH  Code,  without  curvature  effects,  also  predicts  a  near  linear  relationship  for  the  blockage 
ratios  used  in  Kundu's  experiments,  but  over  a  wider  range  of  blockage  ratios  a  nonlinear  relationship 
is  predicted.  The  calculations  with  streamline  curvature  modifications  of  the  k-e  turbulence  model 
predicts  a  discontinuity  at  a  blockage  ratio  of  about  39%.  The  large  differences  between  the  Davis  and 
Beer  results  and  the  APL  results  are  suspected  to  be  due  to  the  fact  that  their  flow  was  unconfined 
while  ours  was  confined.  It  is  now  an  experimental  problem  of  determining  if  either  the  TEACH  Code 
predictions  with  or  without  streamline  curvature  are  correct  for  the  higher  blockage  ratios.  In  any 
event,  the  calculations  have  provided  a  focus  for  an  experimental  study  and  has  even  indicated  how  the 
data  can  be  efficiently  collected.  In  concluding  this  section,  we  believe  that  the  results  demonstrate 
that  computer  experiments  can  provide  fresh  insights  into  turbulent  recirculating  flows  in  ways  that 
can  be  efficiently  examined  in  future  experimental  studies.  This  type  of  interaction  between  theory 
and  experiment,  which  some  might  say  is  the  essence  of  science,  has  been  missing  for  too  long  in  the 
area  of  recirculating  flows. 

7 . 2  Interaction  of  the  Annular  and  Central  Jets 


The  interaction  of  the  annular  and  central  jets  of  the  centerbody  were  first  investigated  by 
visual  observations  of  the  flame  as  the  fuel  and  air  flow  rates  were  varied  [6].  The  flame  is  believed 
to  provide  a  visualization  of  the  fuel  and  air  mixing  processes  and  thus,  changes  in  the  flame  struc¬ 
ture  with  changes  in  air  and  fuel  flow  rates  are  a  representation  of  how  the  two  jets  interact.  The 
structure  of  the  flame  changes  dramatically  as  the  air  and  fuel  flow  rates  are  varied.  The  flame 
structure  is  determined  by  whether  the  annular  or  central  jet  dominates  the  flow  field.  This  is  shown 
in  Figure  10  where  the  flame  is  observed  to  change  with  increasing  fuel  flow  rate  from  a  cylindrical 
shape,  when  the  annular  jet  dominates  (Figure  10a)  to  a  conical  shape,  when  the  central  jet  dominates 
(Figure  10c).  Figure  lOb  shows  the  condition  where  neither  jet  dominates  the  flow.  The  flow  fields 
Inferred  from  observing  the  flame  shape  and  TEACH  Code  calculations  performed  by  Sturgess  and  Syed  [28] 
for  the  different  flow  conditions  are  also  given  in  Figure  10.  We  believe  that  for  a  research 
combustor  designed  to  evaluate  combustor  models,  such  dramatic  changes  are  an  asset  because  of  the 
challenge  it  offers  to  the  models.  In  the  following  paragraphs,  predictions  and  experimental  results 
will  be  presented  for  various  air  and  fuel  flow  rate  conditions. 

An  examination  of  the  Inferred  flow  patterns  and  the  calculated  streamlines  in  Figure  10a 
shows  that  two  stagnation  points  occur  along  the  centerline  when  the  annular  Jet  dominates  the  flow 
field.  The  forward  stagnation  point  is  where  the  fuel  Jet  is  turned  by  the  opposing  flow  of  the 
recirculation  zone  and  the  rear  stagnation  point  defines  the  axial  extent  of  the  recirculation  zone. 
Figure  11  shows  comparisons  between  measured  and  predicted  locations  of  these  stagnation  points  for  an 
air  flow  rate  of  2  kg/$  and  various  CO2  flow  rates.  The  stagnation  points  were  measured  with  a 
one -component  iOA  system  [7,32],  The  precision  of  the  LDA  measurements  of  stagnation  point  Z/D 


locations  and  the  repeatahi 1 1 ty  of  the  conbustor  is  estimated  to  be  about  10".  Theory  predicts  a  snail 
change  in  the  location  of  the  roar  stagnation  point  with  an  increase  in  CO^  flow  rate.  Considering 
the  uncertainties  in  the  measurements,  it  would  be  difficult  to  experimentally  detect  such  a  small 
change.  Both  theory  and  measurements  show  a  near  linear  dependence  of  the  location  of  the  forward 
stagnation  point  with  CO^  jet  exit  velocity  but  there  is  a  difference  in  the  slope  of  the  two  curves. 

Figure  1?  shows  centerline  plots  of  measured  and  theoretical  axial  velocities,  CO,  concen¬ 
trations  in  mole  fraction  and  axial  velocity  fluctuations  for  an  air  flow  rate  of  ?  kq/s  anri  various 
CO2  flow  rates.  The  velocities  were  measured  with  the  two-component  LOA  system  fd!.  Case  ?  inlet 
conditions  (See  Section  5.0)  were  used  in  the  TEACH  Code  calculations.  It  is  observed  in  Figure  l?a 
that  the  location  of  the  forward  stagnation  points  are  underpredicted  and  the  location  of  the  rear 
stagnation  point  is  slightly  over  predicted  as  was  the  case  in  Figure  11.  The  forward  stagnation  point 
is  important  in  predicting  the  characteristics  of  the  flow  field.  The  measured  and  predicted  velocity 
profiles  in  Figure  l?a,  for  a  CO,  flow  rate  of  6  kg/hr,  show  that  the  velocities  just  downstream  of 
the  forward  stagnation  point  have  the  same  profiles  as  the  case  when  the  CO.  flow  rate  is  zero 
(Figure  fic).  That  is,  the  flow  field  downstream  of  the  forward  stagnation  Is  not  affected  by  the 
central  jet.  This  is  also  shown  by  the  turbulence  intensities  in  Figure  l?b  and  the  CO^ 
concentrations  in  Figure  12c  .  At  the  forward  stagnation  points  and  beyond,  the  cn„  concentrations 
have  a  near  constant  value  and  the  turbulence  intensities  have  the  same  values  as  f&r  the  annular  jot 
flow  in  Figure  6e.  In  general,  it  appears  that  the  TEACH  Code  correctly  predicts  the  important 
gualitative  trends  associated  with  the  forward  stagnation  point;  however,  the  accuracy  of  the  absolute 
values  of  the  velocity,  C0„  concentrations  and  turbulence  intensity  centerline  profiles  could  be 
significantly  improved. 

Figure  13  shows  the  measured  and  predicted  centerline  profiles  of  velocity,  turbulence  intensity 
and  temperature  for  a  combusting  flow.  The  theoretical  and  experimental  data  have  been  normalized  to 
the  maximum  experimental  values.  The  velocity  data  were  measured  with  a  one-component  LDA  system 
[7,32]  and  the  TEACH  Code  predictions  were  obtained  from  Reference  33.  A  point-by-point  comparison  of 
predictions  with  measurements  shows  that  the  TEACH  Code  does  a  very  poo*"  job  of  accurately  predicting 
the  centerline  profiles  of  velocity,  turbulence  intensity,  and  temperature.  The  predictions  are  poor 
because  the  TEACH  Code  did  not  correctly  predict  that  the  central  jet  had  penetrated  the  recirculation 
zone.  The  TEACH  Code  does  however  correctly  predict  other  important  trends.  The  experimental  data  in 
Figure  13a  show  a  strong  correlation  between  the  normalized  turbulence  intensity  and  temperature  with 
the  peak  value  occurring  at  a  location  just  upstream  of  where  the  velocity  is  a  minimum.  The  TEACH 
Code  also  predicts  the  same  strong  correlation  between  temperature  and  turbulence  intensity  (Figure 
13b)  with  the  peak  magnitude  occurring  at  the  axial  location  just  upstream  of  the  forward  stagnation 
point.  Although  the  data  are  too  limited  to  draw  conclusions,  they  do  suggest  that  the  accuracy  of  the 
TEACH  Code  predictions  for  combusting  flows  are  not  as  good  as  they  are  for  isothermal  flows. 

The  inability  of  the  TEACH  Code  to  accurately  predict  a  complex  recirculating  flow  field,  espe¬ 
cially  with  combustion,  while  correctly  predicting  trends  of  the  data,  is  expected  based  on  the  results 
of  others  [4].  There  are  several  potential  sources  of  error  that  could  contribute  to  the  inaccuracies 
in  the  TEACH  Code  precitions.  The  turbulence  model  is  as  one  of  these  sources.  To  explore  the  nature 
of  the  processes  responsible  for  the  fuel  and  air  mixing  in  the  centerbody  combustors,  one  must 
consider  the  dynamic  characteristics  of  the  flow.  This  means  that  a  giant  mental  step  must  be  taken  in 
which  the  time-averaged  view  is  replaced  by  a  dynamic  view.  Such  a  mental  transition  is  not  easy. 

Since  the  time  averaged  descriptions  are  such  an  important  part  of  most  investigations  of  recirculating 
flows,  it  is  easy  to  forget  that  the  flow  field  viewed  in  time  probably  doesn't  look  anything  like  that 
represented  by  the  time-averaged  view.  Indeed,  the  time-averaged  view  can  be  a  mask  that  gives 
misleading  or  incorrect  perceptions  about  the  fundamental  processes  occurring  in  the  flow.  An  attempt 
is  made  in  the  next  section  to  shed  this  mask  so  that  some  of  the  fundamental  dynamic  characteristics 
of  the  flow  that  are  responsible  for  the  presented  time-averaged  results  can  be  identified. 

8.0  TIME-RESOLVED  (DYNAMIC)  RESULTS  AND  niSCUSSION 

There  are  few  measurement  techniques  that  can  be  used  to  study  the  dynamic  characteristics  of 
recirculating  flow  fields.  Normally,  the  processes  to  be  studied  involve  dynamic  structures  of  the 
size  of  the  bluff  body.  The  interpretation  of  single  or  even  multipoint  continuous  time-resolved 
measurements  in  terms  of  the  large  scale  structures  is  very  difficult.  This  difficulty  arises  in  part 
because  of  the  problems  of  interpreting  point  measurements  in  terms  of  the  large  structures  that  are 
convected  past  a  stationary  measurement  station.  That  is,  the  measurements  are  made  from  an  Eulerian 
reference  frame  but  the  structures  should  be  interpreted  from  a  Lagranian  frame.  High  speed  cine 
pictures  give  a  Lagrangian  view  of  the  dynamic  structures  but  have  the  disadvantage  that  quantitative 
information  is  not  normally  recorded.  However,  cine  pictures  can  greatly  aid  in  the  interpretation  of 
point  measurements.  Measurement  techniques  that  involve  simultaneous  high-speed  cine  pictures  and 
time-resolved  point  measurements  will  be  important  in  future  studies  of  turbulent  combusting  flows.  In 
this  section,  high  speed  cine  pictures  are  used  to  gain  a  qualitative  understanding  of  the  flow  field 
established  by  the  centerbody.  This  understanding  is  used  to  interpret  line-of-sight,  continuous  time 
measurements  of  flame  luminosity  and  CARS  time-resolved  point  measurements  of  temperature  [13,34,351. 

Vortex  shedding  plays  an  important  and  possibly  dominant  role  in  the  mixing  process  of  the  center- 
body  flow  field.  However,  it  is  not  always  easy  to  detect  vortex  shedding  in  combusting  flows.  The 
large  diameter  of  the  centerbody  has  proven  advantageous  because  the  shed  vortices  were  large  enough  to 
observe  with  high-speed  cine  pictures.  Unless  one  had  the  experience  of  knowing  exactly  what  to  look 
for,  it  is  very  likely  that  vortex  shedding  from  a  smaller  bluff  body  would  be  completely  overlooked. 
Even  with  the  advantages  of  the  large  centerbody,  the  vortex  shedding  was  not  iimtediately  recognized 
because  the  cine  pictures  of  the  flame  can  appear  very  different  when  taken  from  various  reference 
frames,  directions  and  at  various  framing  speeds.  Actually,  the  laboratory  reference  frame  is  not  the 
most  advantageous  way  of  photographing  a  shed  vortex  because  the  circular  motions  of  the  vortex  are 
masked  by  its  large  axial  convection  velocity.  Recording  the  vortex  from  a  reference  frame  that  is 
moving  with  the  convection  velocity  of  the  vortex  would  be  more  advantageous  because  the  circular 
motion  would  be  clearly  shown.  However,  this  is  difficult  to  experimentally  achieve  in  the  APL 
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Combustion  Research  Facility.  The  cine  pictures  that  are  presented  were  taken  from  the  laboratory 
reference  frame  but  at  various  angles  that  tend  to  highlight  different  aspects  of  the  vortex  shedding 
process. 

Figure  14  shows  an  end  view  of  the  centerbody  and  the  side  viewing  windows.  The  centerbody 
diameter  is  larger  than  the  height  of  the  viewing  window  so  that  the  top  and  bottom  edges  of  the  bluff 
body  are  not  directly  viewed  when  looking  straight  across  the  tunnel.  The  importance  of  seeing  either 
the  top  or  bottom  edge  of  the  bluff  body  can  be  understood  by  considering  the  structure  of  the  shed 
vortex  and  the  flame.  As  will  be  presently  shown,  the  vortex  is  shed  symmetrically  from  the 
centerbody.  Considering  the  axisymmetric  geometry  of  the  combustor,  the  vortex  should  have  a  toroidal 
shape.  The  flame  appears  to  be  distributed  around  the  toroidal  vortex  in  discrete  flame  packets  as 
illustrated  in  Figure  14.  To  an  observer  looking  through  the  viewing  windows  straight  across  the 
central  region  of  the  combustion  zone,  the  flame  packets  are  semitransparent  because  of  the  space 
between  them.  The  observer  will  probably  overlook  these  flame  packets  and  see  only  the  flame  occurring 
near  the  centerline  of  the  combustor;  whereas,  an  observer  looking  at  the  bottom  edge  of  the  bluff  body 
would  see  the  flame  packets  in  the  vortex.  The  observation  of  these  flame  packets  makes  the  shed 
vortex  visible. 

Figure  15  shows  one  frame  from  a  high-speed  cine  picture  taken  with  the  camera  tilted  as  shown  in 
Figure  14.  The  shed  vortices  identified  by  the  black  outline,  are  not  as  evident  in  the  photograph  as 
they  are  when  viewing  the  film  with  a  stop-action  projector.  The  flow  is  from  left  to  right.  The 
flame  between  the  two  vortices  is  being  rapidly  stretched.  This  results  in  the  flame  burning  out 
quickly  in  this  region  leaving  a  dark  band  separating  the  two  vortices.  These  vortices  can  only  be 
seen  by  observing  the  flame  contained  in  them. 

It  is  not  readily  evident  from  studying  Figure  15,  that  the  vortices  are  shed  symmetrically.  The 
symmetry  of  the  shed  vortices  was  examined  using  two  photodetectors  as  arranged  in  Figure  14.  The 
photodetectors  were  located  0.428D  downstream  and  were  tilted  so  that  their  f ields-of-view  were  along 
the  top  and  bottom  edges  of  the  centerbody.  This  viewing  location  was  determined  from  studying 
high-speed  cine  pictures  of  the  flame.  As  a  shed  vortex  containing  flame  packets  passes  through  the 
field-of-view  of  a  photodetector,  a  voltage  pulse  is  recorded  by  an  oscilloscope.  To  easily  compare 
the  simultaneous  time  traces  from  the  photodetectors,  the  voltage  output  from  the  bottom  detector  has 
been  inverted  and  positioned  on  the  oscilloscope  so  that  the  zero  light  intensity  baseline  is 
superimposed  on  that  of  the  top  detector.  The  symmetry  of  the  shed  vortices  is  apparent  from  the 
oscilloscope  traces  in  Figure  16. 

Figure  17  shows  high  speed  cine  pictures  of  the  flame  made  with  a  camera  with  a  wide  angle  ffish 
eye)  lens.  For  reference.  Figure  17a  shows  a  metal  rod  placed  in  the  fuel  tube  and  a  ruler  placed 
along  the  bluff  body  face.  The  rod  extends  one  centerbody  diameter  downstream.  The  flame  packets, 
symmetrically  distributed  in  a  toroidal  vortex,  are  clearly  shown  about  one  diameter  downstream  in 
Figure  17c.  Also  shown  in  this  figure  is  the  stretching  action  and  burn  out  of  the  flame  separating 
the  shed  vortex  and  another  vortex  that  is  forming  near  the  face  of  the  combustor.  Normally,  the  flame 
packets  contained  in  a  shed  vortex  burn  out  before  the  vortex  travels  more  than  one  centerbody  diameter 
downstream.  The  shed  vortex  however  is  still  present  and  only  the  means  of  visualizing  it  has 
vanished.  Occasionally  a  flame  packet  in  a  shed  vortex  does  not  burn  out  quickly  and  can  be  used  to 
track  the  vortex.  For  example,  the  flame  packet  at  the  top  of  the  shed  vortex  in  Figure  17c  can  be 
tracked  downstream  until  it  is  just  noticeable  in  Figure  17g.  The  end  of  the  recirculation  zone  1s 
about  one  and  a  half  diameters  downstream  and  the  axial  velocity  of  the  shed  vortex  Is  small  In  this 
region.  This  is  indicated  by  the  lack  of  downstream  movement  of  the  flame  packet  in  the  shed  vortex  In 
Figures  17f  and  17g.  A  second  shed  vortex  is  evident  at  the  bottom  of  Figure  17f  at  about  one  diameter 
downstream.  In  Figure  17g,  the  second  vortex  has  almost  coalesced  with  the  first  vortex  near  the  end 
of  the  recirculation  zone.  The  formation  of  a  large  flame  structure  located  at  the  centerline  near  the 
end  of  the  recirculation  zone,  appears  to  occur  at  about  the  same  time  and  at  the  same  axial  location 
that  the  two  vortices  coalesce.  In  subsequent  frames,  this  large  flame  structure  Is  observed  to  move 
downstream  past  the  viewing  window.  The  consequence  of  the  formation  of  this  flame  structure, 
apparently  by  the  shed  vortices,  is  discussed  in  the  next  few  paragraphs. 

Figure  18  shows  high  speed  cine  pictures  of  the  flame  extending  into  two  windows  of  the  combustion 
tunnel  [15].  The  reader  is  reminded  that  the  height  of  the  viewing  windows  is  less  than  the  diameter 
of  the  centerbody  so  the  top  and  bottom  edges  of  the  bluff  body  are  not  observed.  The  cine  pictures 
were  made  at  a  rate  of  500  frames/s  but  only  every  other  frame  is  shown.  The  recirculation  zone  is 
confined  to  the  region  viewed  through  window  HI.  The  bright  band  of  flame  at  the  Z/0=1  station  in 
Figure  18a  is  a  shed  vortex.  The  fuel  in  the  vortex  shown  In  Figures  18c  and  18d  burns  out  just  as  it 
enters  the  second  viewing  window.  However,  a  large  flame  structure,  whose  origin  cannot  be  easily 
traced  In  the  photographs,  does  appear  In  the  second  window  at  a  slightly  later  time  In  Figure  18c. 

The  structure  is  a  discrete  Island  of  flame  surrounded  by  nonlumlnous  and  supposedly  nonreacting  gases 
as  clearly  shown  In  Figure  18f.  This  large  flame  structure,  referred  to  as  a  flame  turbule.  Is 
believed  to  be  formed  by  a  shed  vortex  in  much  the  same  way  as  the  large  flame  structure  was  noted  to 
form  near  the  end  of  the  recirculation  zone  In  Figure  17. 

Time-averaged  CARS  and  thermocouple  measurements  made  downstream  of  the  recirculation  zone  along 
the  combustor  centerline  are  shown  In  Figure  19.  These  measurements  illustrate  that  the  temperatures 
obtained  by  the  two  methods  agree  well  within  an  anticipated  10%  precision  of  the  CARS  measurements  in 
the  Indicated  temperature  range  [151.  The  temperature  profile  appears  to  be  similar  to  those  measured 
In  many  nonrecirculating  combusting  flows.  One  would  never  suspect  that  the  underlying  dynamic  process 
responsible  for  these  time  average  measurements  Is  the  convection  of  the  large  flame  turbules  and  the 
nonlumlnous  regions  (noted  in  Figure  18f)  passed  the  measurement  location.  Indeed,  such  measurements 
do  not  provide  any  Insight  Into  the  basic  dynamic  processes  responsible  for  time-averaged  results. 

Figure  20  shows  the  temperature  probability  distribution  functions  (pdf's)  constructed  from  the 
CARS  measurements  at  three  centerline  axial  locations  TlSl.  The  temperature  Interval  or  bln  width 
corresponds  to  the  uncertainty  In  the  CARS  measurements.  The  pdf's  can  be  thought  of  as  the  fraction 
of  time  that  the  combusting  flow  exists  In  a  given  temperature  state.  The  bimodal  shape  of  the  pdf's 
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suggests  that  at  least  two  types  of  structures  are  occurring  in  the  flow,  one  with  temperatures  less 
than  1000  K  and  the  other  above  this  temperature.  From  the  cine  pictures  shown  in  Figure  18,  one  would 
suspect  that  the  hot  mode  corresponds  to  the  flame  turbules  and  the  cold  mode  corresponds  to  the 
nonluminous  regions.  These  structures  can  be  tracked  over  long  distances  in  the  flow  and  are  clearly 
Lagrangian  in  nature.  The  Eulerian  type  measurements  made  with  the  CARS  system  should  be  interpreted 
in  terms  of  the  Lagrangian  structures  that  are  actually  occurring  in  the  flow.  In  developing  a 
Langrangian  interpretation  it  should  be  realized  that  properties  of  a  fluid  element,  at  one  instance  in 
time  at  a  point,  depend  on  the  prior  history  or  time  evolution  of  the  fluid  element  before  it  reaches 
the  measurement  station.  The  history  of  various  fluid  elements  can  be  very  different,  thus,  leading  to 
a  wide  range  of  measured  properties. 

The  centerline  profile  in  Figure  19  shows  that  the  average  temperature  decreases  with  increasing 
axial  location.  Inspection  of  the  pdf  in  Figure  ?.0  shows  that  the  cold  mode  peaks  at  300  K;  whereas, 
the  hot  mode  peak  shifts  to  lower  values  at  the  downstream  locations.  Also,  the  fraction  of  time  that 
the  hot  mode  exists  decreases  with  increasing  axial  location.  Thus,  the  high  temperature  gas  decays  at 
an  increasing  rate  due  to  mixing  as  the  combusting  gases  move  downstream.  This  implies  that  the  cold 
inlet  air  is  entrained  and  mixed  with  products  within  the  flame  turbules  as  they  move  downstream  thus 
lowering  the  average  temperature  in  the  flame  turbule.  Heat  production  is  declining  due  to  reaction 
completion  and  quenching,  thus,  allowing  inlet  air  entrainment  to  have  a  greater  affect  in  reducing  the 
average  temperature.  The  300  K  temperature  represents  the  fraction  of  time  that  the  inlet  air  exists. 
The  fluid  elements  at  this  temperature  have  not  participated  to  a  great  degree  in  the  combustion 
process;  whereas,  the  other  temperatures  composing  the  cold  mode  do  have  combustion  experiences  ob¬ 
tained  prior  to  reaching  the  measurement  location.  Examination  of  the  300  K  temperature  bin  suggests 
that  considerable  entrainment  of  the  inlet  air  is  occurring  as  the  flow  moves  downstream.  Much  of  this 
entrained  air  is  probably  located  between  the  flame  turbules.  However,  some  entrained  air  has  obvious¬ 
ly  mixed  with  the  hot  gases  from  completed  or  quenched  chemical  reactions  to  give  the  other 
temperatures  in  the  cold  mode.  It  should  also  be  noted  that  the  average  temperature  occurs  in  the 
trough  between  the  hot  and  cold  modes.  The  flow  field  is  actually  at  the  average  temperature  less  than 
5%  of  the  time. 

Figure  31  depicts  a  Lagrangian  view  of  the  dynamic  processes  that  are  believed  to  be  occurring  in 

the  centerbody  combustor.  This  illustration  can  be  considered  in  two  different  ways.  It  can  be  viewed 

as  an  instantaneous  snapshot  of  the  flow  field  or  as  the  time  evolution  of  the  flow  field  where 
increasing  time  is  represented  by  the  distance  traveled.  In  both  cases  the  observer  is  moving  with  the 

vortices.  It  is  convenient  in  discussing  Figure  21  to  track  the  fuel  as  it  exits  the  central  fuel  jet. 

As  the  fuel  exits,  it  decelerates  by  entraining  hot  gases  and  then  breaks  up  into  small  packets  as  it 
moves  downstream  and  becomes  turbulent  flow.  The  triangles  represent  the  fuel  break-up  process  and  the 
shaded  regions  represent  the  burning  fuel  packets.  These  flame  packets  spend  considerable  time  near 
the  end  of  the  recirculation  zone  since  their  average  velocity  is  near  zero  in  this  region.  Some  of 

the  flame  packets  are  transported  upstream.  As  they  approach  the  combustor  face,  some  of  the  flame 

packets  are  entrained  into  the  central  jet  thus  providing  a  source  of  heat  and  ignition  for  the 
incoming  fuel  in  the  central  jet;  however,  most  of  the  flame  packets  are  turned  radially  outward  along 
the  combustor  face  until  they  encounter  the  high  velocity  air  of  the  annular  jet.  The  resulting 
discontinuity  in  the  velocity  field  gives  rise  to  a  shed  vortex.  The  vortex  has  a  toroidal  shape  but, 
when  viewed  in  the  r,Z  plane,  it  looks  much  like  those  observed  in  the  two-dimensional  shear  layer 
experiments  of  Brown  and  Roshko  r36].  The  visibility  of  the  shed  vortex  is  soon  lost  as  it  moves 

downstream  because  the  flame  packets  burn  out.  However,  the  shed  vortex  is  still  present.  As  the 

vortex  continues  to  move  downstream,  it  entrains  the  burning  fuel  mass  that  has  collected  near  the  end 

of  the  recirculation  zone.  The  entrainment  of  the  burning  fuel  is  much  more  effective  when  two 
vortices  coalesce  near  the  end  of  the  recirculation  zone.  The  shed  vortices  carry  the  entrained  fuel 
downstream  and  become  the  flame  turbules. 

Figure  22  shows  the  results  of  calculations  of  the  dynamic  flow  field  of  the  centerbody  combustor 
for  an  air  flow  rate  of  2  kg/s.  Although  the  calculations  are  for  a  nonreacting  flow  without  a  central 
jet,  one  might  expect  that  they  would  be  qualitatively  similar  to  a  combusting  flow  condition  where  the 
annular  jet  dominates  the  flow  field.  Indeed,  the  similarities  between  the  illustrated  flow  field  in 
Figure  21,  which  was  postulated  before  the  calculations  were  performed,  and  those  in  Figure  22  are 
evident.  It  is  easy  to  envision,  based  upon  the  calculations,  that  the  vortices  moving  past  the  end  of 
the  recirculation  zone  entrain  the  fuel  near  the  combustor  centerline  and  become  the  flame  turbules  as 
the  vortices  move  on  downstream.  Also,  the  coalescence  of  two  shed  vortices  are  shown  in  the  20700  and 
21200  time  iteration  flow  fields.  Such  calculation  provide  insights  into  the  dynamic  processes  and 
stimulates  new  ideas  to  test  the  predictions. 

Figure  23  shows  the  side  view  of  a  reacting  shear  layer  experiment  performed  by  Breidenthal  [37]. 
The  experiment  was  conducted  in  a  two  dimensional  water  tunnel  with  reactants  A  and  B  separated  by  a 
splitter  plate.  The  reaction  of  A  and  B  was  mixing  limited  with  negligible  heat  release.  The  product 
was  colored  and  could  be  easily  visualized  by  high  speed  cine  pictures.  The  result  of  this  experiment, 
as  shown  in  Figure  22,  was  that  the  mixing,  and  thus  the  product  formation,  occurs  inside  the  large 
scale  structures  generated  by  the  shear  layer.  The  product  formed  by  the  mixing  of  A  and  B  downstream 
of  the  splitter  plate  was  detected  by  optical  absorption  in  an  analogous  way  that  flame  luminosity  was 
used  to  detect  the  shed  vortices  in  the  centerbody  combustor.  Figure  24a  shows  a  time  trace  of  the 
product  as  recorded  at  one  location  in  the  shear  layer  [37].  The  peaks  in  the  product  concentration 
correspond  to  the  large  scale  structures  being  convected  passed  the  measurement  station.  Figure  24b 
shows  a  time  record  of  a  flame  luminosity  as  recorded  by  a  photodetector  looking  directly  through  the 
recirculation  zone  of  the  centerbody  combustor  [34],  Figure  24c  is  a  time  record  of  the  temperature  at 
the  exit  plane  of  a  gas  turbine  combustor  measured  by  Dlls  [38].  The  temperature  fluctations  are 
several  hundred  degrees  K  and  are  far  above  the  thermocouple  noise  level.  The  time  records  in  Figures 
24a  and  24b  are  known  to  be  the  result  of  large  scale  structures.  Their  similarity  to  the  temperature 
fluctuations  in  a  gas  turbine  combustor  is  evident. 

The  similarities  of  the  time  records  in  Figure  24  raise  the  practical  question  of  whether  it  is 
Important  to  know  if  large  scale  structures  play  an  significant  role  in  the  dynamic  mixing  processes  in 
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gas  turbine  combustors.  It  is  conceivable  that  fluid  structures  of  a  size  comparable  to  the  combustor 
width  could  be  formed  in  a  gas  turbine  combustor  as  a  result  of  the  free  shear  layer  character  of  the 
primary,  intermediate  or  dilution  jets.  On  the  other  hand,  swirl,  intense  mixing  of  the  .iets  or 
combustion  might  wash  out  any  large  structures.  It  seems  very  likely  that  large  scale  structures  would 
be  shed  from  V-gutters  and  could  be  important  to  the  stability  characteristics  of  afterburners.  It  is 
known  that  large  scale  structures  play  an  important  role  in  two-dimensional ,  premixed  dump  combustors 
with  high  heat  release  rates  [39,40],  Unfortunately,  the  dynamic  mixing  processes  inside  gas  turbine 
combustors  or  afterburners  cannot  be  determined  from  the  available  data. 

We  believe  that  it  is  important  to  know  if  large  scale  structures  significantly  contribute  to  the 
mixing  processes  in  gas  turbine  combustors  and  afterburners.  There  are  two  reasons  that  are  readily 
apparent.  First,  if  large  scale  structures  are  present,  a  strong  correlation  between  heat  release 
rates  and  velocity  fluctuations  could  exist.  This  could  contribute  significantly  to  the  heat  transfer 
to  the  turbine.  Oils  and  Follansbee,  using  a  LDA  and  a  fast  response  thermocouple  probe,  determined 
that  there  is  only  a  small  correlation  between  the  fluctuating  velocities  and  temperatures  [411.  We 
believe  the  measurements  are  of  such  importance  that  they  should  be  repeated  for  a  variety  of  different 
engines  and  run  conditions.  The  second  reason  is  of  more  direct  importance  to  the  combustor  modeling 
community.  Recent  studies  in  shear  layers  and  turbulent  jets  have  shown  that  gradient  transport  and 
eddy  diffusivity  do  not  adequately  describe  flows  where  large  scale  structures  have  a  dominate  role  in 
the  mixing  process  Fl?, 43, 44, 45].  Indeed,  this  could  be  a  contributing  factor  to  the  inaccuracies  of 
the  TEACH  Code  predictions  for  the  centerbody  combustor.  Combustor  design  models  must  use  the  correct 
physics  if  predictive  accuracy  is  to  be  improved  for  a  wide  range  of  combustor  designs.  It  seems  that 
the  physics  is  closely  tied  to  the  question  of  whether  large  scale  structures  significantly  contribute 
to  the  mixing  in  gas  turbine  combustors,  afterburners  and  other  practical  systems  where  the  models  are 
to  be  applied. 

9.0  CONCLUDING  REMARKS 

The  following  comments,  conclusions  and  recommendations  are  offered  from  several  years  of  active 
combustion  research  and  advanced  combustion  diagnostic  development. 

Combustor:  The  centerbody  combustor  is  a  useful  test  device  for  evaluating  the  performance  of 
laser  diagnostic  techniques,  time-averaged  combustor  models  and  unsteady  fluid  dynamic  computer  codes. 
This  assessment  is  based  on  the  challenge  offered  to  computer  codes  in  predicting  the  various  flow 
fields  that  are  easily  established  in  the  near-wake  region  of  the  centerbody  combustor,  the  good 
measurement  access  to  this  region  and  the  simple  centerbody  geometry.  The  large  diameter  of  the 
centerbody  has  proven  advantageous  in  studying,  with  high  speed  cine  pictures,  the  effects  of  shed 
vortices  on  the  flow  field.  The  wide  spacing  between  the  annular  jet  and  the  central  jet  causes  some 
problems  in  chosing  a  computational  grid.  In  overall  performance,  we  believe  the  centerbody  represents 
a  good  compromise  between  simple  laboratory  burners  and  practical  combusting  devices  such  as  gas 
turbine  combustors  or  afterburners. 

Diagnostics:  The  LDA  system  is  a  valuable  tool  for  studying  turbulent  flow  fields.  Obtaining 

uniform  seeding,  at  the  high  rates  and  for  the  long  time  periods  (hoursl  needed  to  map  a  flow  field,  is 
considered  to  be  a  major  problem.  The  CARS  system  has  developed  to  the  point  where  it  can  be  actively 
used  in  the  APL  combustion  tunnel  to  study  combusting  flow  fields.  It  is  essential  that  the  laser 
techniques,  used  to  collect  data  for  combustor  model  evaluation  and  development,  be  interfaced  to  a 
computer.  For  those  interested  in  developing  and  using  laser  techniques  to  study  turbulent  flows,  it 
should  be  realized  that  the  hardware  and  software  development  requires  as  much  effort  as  the  optical 
system  development. 

Computer  Codes:  The  TEACH  Code  successfully  predicted  the  dominant  characteristics  and  trends  of 
the  recirculating  Mow  field  of  the  centerbody  combustor  when  it  was  operated  at  various  air  and  fuel 
flow  rates  with  and  without  combustion.  The  accuracy  of  the  TEACH  Code  predictions  of  velocities  and 
CO-  concentrations  in  isothermal  flows  is  typically  about  15%.  The  errors  in  predicting  turbulence 
intensities  are  considerably  larger.  Also,  the  trends  for  the  turbulence  intensities  are  not  always 
correctly  predicted.  Based  on  a  very  limited  experimental  and  computational  data  base,  the  errors  in 
the  TEACH  Code  predictions  of  combusting  flows  are  considerably  larger  than  those  for  isothermal  flows. 

Many,  if  not  most,  computer  model  studies  involve  after-the-fact  predictions  of 
reported  experimental  results.  We  believe  that  the  models  are  developed  to  the  point  where  they  can 
contribute  to  the  understanding  of  flows  that  have  only  been  partially  studied.  Since  the  TEACH  Code 
and  other  similar  codes  can  successfully  predict  trends,  we  recommend  that  they  be  exploited  in 
computer  experiments  that  will  provide  new  insights  into  the  complex  flows  which  will  both  aid  and 
challenge  experimentalists  so  that  theory  and  experiments  can  develop  hand-in-hand  in  a  truly 
scientific  fashion. 


The  predictive  accuracy  of  the  unsteady  code  has  not  been  evaluated  for  the 
centerbody  flow  field.  Qualitatively,  the  predictions  have  the  same  general  features  that  are  observed 
experimentally.  We  believe  that  the  unsteady  code  offers  the  promise  of  providing  insights  into  the 
dynamic  nature  of  complex  flows  that  are  almost  impossible  to  gain  experimentally. 

Practical  Combustors:  Our  studies  of  the  centerbody  combustor  have  shown  that  large  scale 
structures  are  important  in  the  fuel  and  air  mixing  process.  It  has  not  been  fuUv  established  whether 
the  dynamic  characteristics  of  the  centerbody  flow  field  are  similar  to  those  of  practical  combusting 
devices.  We  believe  it  is  important  for  future  combusting  and  heat  transfer  model  developments  that  a 
determination  be  made  about  the  significance  of  large  structures  in  gas  turbine  combustors  and 
afterburners  and  to  determine  if  there  is  a  strong  correlation  between  velocity  and  temperature 
fluctuations.  Such  determinations  could  force  a  reevaluation  of  models  with  gradient  transport  and 
eddy  diffusivity  in  future  combustor  design  codes. 
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TABLE  3:  AIR  FLOW  CONDITIONS 
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TABLE  4:  FUEL  FLOW  CONDITIONS 
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Figure  1.  Illustration  of  centerbody  combustor. 


Figure  2.  Illustration  of  the  combustion  tunnel. 
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Figure  10.  Flame  photographs,  flow  field  inferred  from  the  flame  photographs  and  calculated  streamlines 
from  Reference  28  for  an  air  flow  rate  of  1  kg/s  and  fuel  flow  rates  of  (a)  3  kg/hr,  (b)  10  kg/hr  ana 
(c)  13  kg/hr. 
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Figure  11.  Comparison  of  measured  and  predicted  centerline 
stagnation  points  for  an  air  flow  rate  of  2  kg/s  and  different 
CO^  flow  rates  [17]. 
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Figure  14.  Downstream  end  view  of  the  combustion 
tunnel  illustrating  the  camera  and  photodetector 
views  of  toroidal  vortex  shedding  from  the 
centerbody  face  [35], 


Figure  15.  Snapshot  of  shed  vortices  for  an 
air  flow  rate  of  1  kg/s  and  fuel  flow  rate  of 
6  kg/hr. 


Figure  16.  Simultaneous  time  records  of  top  and 
bottom  edges  of  centerbody  at  6  cm  downstream  for 
an  air  flow  rate  of  2  kg/s  and  fuel  flow  rate  of 
6  kg/hr  [35], 
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Figure  17.  High  speed  cine  pictures  (3000  frames/s) 
of  the  flame  for  an  air  flow  ra'-e  of  1  kg/s  and  a 
fuel  flow  rate  of  6  kg/hr  [35]. 
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Figure  18.  High  speed  cine  pictures  (500  frames/s) 
of  the  flame  for  an  air  flow  rate  of  1  kg/s  and  a 
fuel  flow  rate  of  6  kg/hr  [15],  Every  other  frame 
is  shown. 
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Finure  19.  Comparison  of  time-averaged  CARS  and 
thermocouple  measuremented  temperatures  along 
duct  centerline  for  an  air  flow  of  1  kg/s  and 
fuel  flow  of  6  kg/hr  [15]. 
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DISCUSSION 


J.Fabri,  Fr 

Vous  avez  pr^sente  des  resultats  qui  montrent  une  bonne  comparaison  entre  les  mesures  effectuies  par  DRASC  et 
par  thermocouples  pour  une  vitesse  d’ecoulement  de  I’ordre  de  20  m/s.  Dans  une  chambre  de  combustion  r^elle, 
les  vitesses  d’ecoulement  sont  plutot  de  I’ordre  de  70  a  100  m/s.  Avez-vous  des  resultats  pour  des  vitesses  de  cet 
ordre  de  grandeur? 

Author’s  Reply 

A  direct  answer  to  your  question  is  no,  we  have  not.  We  have  made  comparisons  between  CARS  and  a  shielded 
thermocouple  at  46  m/s  and  the  results  showed  good  agreement.  I  do  not  see  any  reason  why  any  problems 
would  result  at  twice  this  velocity. 


G.Winterfeld,  Ge 

You  have  presented  information  about  the  unsteady  character  of  flames  which  is  of  great  interest  for  all  combustion 
modellers.  It  could  be  interesting  to  see  whether  the  same  observations  can  be  made  for  a  premixed  combustible 
flow. 

Author’s  Reply 

Ganji  and  Sawyer  (reference  39)  and  Pitz  and  Daily  (reference  40)  have  observed  shed  vortices  in  a  two-dimensional 
step  combustor.  We  have  not  investigated  a  premixed  combustor;  however,  a  combustion  tunnel  that  is  much 
smaller  than  the  APL  combustion  tunnel  described  in  the  paper  is  currently  being  fabricated.  One  of  the  first 
experiments  in  the  smaller  combustion  tunnel  will  involve  high  speed  cin6  pictures  of  a  premixed  combusting  flow. 

J.Tilston,  UK 

I  can  confirm  on  Dr  Roquemore’s  behalf  that  premixed  combustion  does  give  exactly  the  same  effects  -  at  least  so 
far  as  high  speed  cin6  and  high  speed  cin6  schlieren  are  concerned. 
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Introduction.  \ 

The  process  of'^pplying  3-D  computer  codes  to  isothermal  and  combusting  two-phase 
flows  is  a  multi-faceted-^ne,  which  can  incorporate  developments  from  many  areas  of  study. 
In  the  combustion  case,  this  can  involve  the  refinement  of  models  for  fuel  droplet 
trajectories,  droplet  evaporation  and  radiation  heat  transfer,  -  each  sub-group  being 
worthy  of  individual  study  in  depth. 

In  the  area  of  fluid  dynamics,  the  subject  of ^turbulence  modelling  is  also  of  basic 
importance.'snd/the  realisation  that  many  combustion  flows  do  not  satisfy  the  conditions 
of  isotropy  demanded  by  conventional  models,  has  stimulated  more  fundamental  approaches 
to  the  Reynolds  stress  description. in  other  areas  (2)  and  can  be  expected  to  do  so  in  the 
combustion  case  in  the  near  future.  ■ 

Since  the  common  objective  of  such  applications  is  to  provide  a  basis  for  design, 
there  is  also  aineed  for  codes  which  are  versatile anif  easy  to  operate. and  Which  are 
interactive. 

The  present  study  reports  some  of  thd> current  progress  in  the; areas, mentioned  and 
rests  on  many  years  of  development  work  in  combustion  modelling.  In  papcicular,  a 
number  of  aspects  of  the  present  code  are  presented  including  the  coupling  of  flow  and 
droplet  motions  and  the  interactive  setting  up  procedure  to  define  an  arbitrary 
geometry.  Calculated  and  measured  velocity  fields  are  shown  for  the  isothermal  flow  in 
a  coaxial  dump  combistor  and  in  additioi^  results  are  presented  for  the  combustion  case 
using  a  baffle  stabiliser. 

Governing  Equations. 

Since  the  devices  of  interest  display  a  degree  of  axial  symmetry,  it  is  convenient 
to  present  the  conservation  equations  in  cylindrical  coordinates.  For  a  3-d  flow  these 
take  the  form 
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It  can  be  seen  that  the  mass  conservation  equation  contains  the  term  m"  due  to  the 
mass  addition  from  the  evaporating  fuel  spray  for  liquid  fuelled  combustors.  In 
addition,  the  momentum  interaction  between  the  two  phases  is  contained  in  the  terms  F 

^r  ^0- 

For  stabj.liser  devices  with  some  cyclic  symmetry,  e.g.  multi-element  baffles,  the 
solution  of  these  equations  is  restricted  to  the  symmetry  sector,  thus  improving  the  grid 
resolution.  In  some  cases,  for  example  with  swirl  stabilisers,  full  axial  symmetry 
can  be  assumed. 

Following  the  presentation  of  the  fluid  velocities  in  terms  of  a  mean  and 
fluctuating  component,  the  way  in  which  the  effects  of  turbulence  are  included  depends 
on  the  model  used  to  represent  the  Reynolds  stresses.  One  of  the  simpler  possibilities 
involves  the  definition  of  an  effective  viscosity  which  may  be  related  to  the  Reynolds 
stresses  (Boussinesq  hypothesis)  and  also  the  mean  turbulence  properties. 

Alternatively,  transport  equations  may  be  solved  for  the  individual  Reynolds 
stresses  themselves,  either  numerically  or  algebraically,  giving  rise  to  a  more  funda¬ 
mental  description. 

These  two  possibilities  have  been  investigated  in  depth  in  the  past,  the  latter 
giving  rise  to  shear  stress  modelling,  which  has  been  found  necessary  for  swirling  flows. 

The  effective  viscosity  approach  is  simpler  and  has  found  widespread  use  and 
success  by  many  groups.  The  distribution  of  viscosity  is  provided  by  the  parameters 
of  the  turbulence  model  used.  Those  used  most  commonly  are  the  kinetic  energy  of  the 
fluctuating  motion  k  and  its  dissipation  rate  c.  These  are  obtained  by  the  wolution 
of  their  respective  transport  equations  given  by  - 

for  k 
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where  Gj^  is  the  generation  term  of  k  and  is  given  by 
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The  turbulent  viscosity  is  related  to  k  and  e  by  the  expression 
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The  coefficients  Cj^,  Cj »  C^,  Oj^  and  are  constants  which  have  the  following  values 
C,  «  1.44,  C,  *  1.92,  C„  «  0.09,  o.  •  1.0,  =  1.3 

1  «  y  iv  G 

This  is  the  turbulence  model  which  has  been  used  in  the  present  dump  combustor  study. 

For  reacting  flows  additional  conservation  equations  for  enthalpy  and  chemical 
species  are  required,  these  being 


for  enthalpy 
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where  S  includes  radiation  sources,  shear  work  and  spray  gas  interaction  terms  and  is 
the  turBulent  prandtl  number  for  enthalpy. 


For  chemical  species  2 
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where  m.  is  the  mass  fraction  of  species  j,  R.  is  the  mass  rate  of  depletion  or  creation 
by  reacSion  and  is  the  rate  of  creation  by^evaporation  from  the  liquid  phase. 

The  effect  of  turbulence  on  the  reaction  rate  is  taken  into  account  by  employing  the 
eddy  breakup  model  of  Spalding  (3).  In  this  case  the  reaction  rate  for  m,  is  taken  to 
be  the  smaller  of  the  two  expressions  given  by  the  Arrhenius  formulation  ana  the  eddy 
breakup  model.  The  latter  can  be  expressed  as 


.  -4p^ 


where  the  term  in  brackets  indicates  the  lesser  of  and  m^^^ 

The  radiation  contribution  to  the  enthalpy  equation  is  evaluated  by  the  solution  of 
three  differential  equations  for  the  radiant  fluxes  R^,  R^  and  Rg  and  is  given  by 

f 

4 

where  a  is  a  flux  absorption  coefficient  and  E  =  oT  is  the  black  body  emissive  power. 

The  present  combustion  model  employs  a  random  droplet  tracking  procedure  for  fuel 
droplets,  based  on  the  known  initial  droplet  conditions  of  size  and  velocity,  combined 
with  the  influence  of  the  flow  field  on  the  droplets  based  on  a  suitable  drag  law. 

The  process  can  also  embody  the  random  effect  of  turbulence  by  employing  a  randomised 
turbulent  velocity  fluctuation  in  each  finite  difference  cell  of  magnitude  proportional 
to  the  local  turbulence  and  duration  based  on  the  characteristic  lifetime  of  the  eddy. 

Knowledge  of  the  trajectories  for  a  large  number  of  droplets  combined  with  the 
current  temperature  profile  enables  evaporation  patterns  to  be  evaluated  for  the  next 
computation  cycle .  The  droplet  drag  force  is  given  by 

18u  CpRe 

^  "  7^  ■  24 

where  u„  is  the  molecular  viscosity  of  the  gas,  p  is  the  density  of  the  droplet  and  D 
its  diiimeter.  Re  is  the  relative  Reynolds  nu^ef. 
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Suitable  expressions  for  the  drag  coefficient  are  available  (4)  and  depend  upon  Re 

-  27  Re"°*®^  0  <  Re  <  80 


0.27lRe'^ 


80  <  Re  <  10 


For  evaporating  drops  the  rate  of  change  of  diameter  is  given  by 


dD 

dt 


—  1  ♦  0.23 

2D  . 


where  the  bracketed  term  represents  the  forced  convective  contribution  to  evaporation  and 
C.  is  the  vaporisation  rate  constant  which  depends  on  the  medium  and  droplet.  A  widely 
used  expression  for  Cj^  due  to  Wise  and  Agoston  (5)  is 


C 


b 


-  T 
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where  X  is  the  thermal  conductivity  of  the  gas,  L  is  the  latent  heat  of  evaporation  and 
and  are  the  gas  and  droplet  temperatures  respectively. 

Solution  Procedure. 

The  initial  setting  up  procedure  is  carried  out  interactively  and  involves  primarily 
the  definition  of  the  system  geometry.  This  is  achieved  by  calling  up  in  sequence 
successive  planes  of  grid  points.  These  grid  points  each  carry  an  associated  label 
which  can  be  defined  by  the  operator.  These  labels  include  such  specifications  as 
W(wall) ,  I (inlet),  O(outlet)  and  S(symmetry  plane)  etc.  and  their  allocation  defines 
the  device  geometry.  The  3-D  grid  used  depends  on  the  symmetry  of  the  problem  but 
typically  consists  of  27  x  18  x  3  for  the  axial,  radial  and  tangential  directions.  The 
iteration  procedure  consists  of  the  following  steps  - 

i)  The  u,v,w  momentum  equations  are  each  solved  in  turn  using  guessed  pressures. 

ii)  Since  the  velocities  do  not  satisfy  the  mass  continuity  equation  locally,  a 
"Poisson  type"  equation  is  derived  from  the  continuity  equation  and  the  three 
linearised  momentum  equations.  This  pressure  correction  equation  is  then  solved 
to  obtain  the  necessary  corrections  to  the  pressure  field  and  the  corresponding 
adjustments  to  the  velocity  components  are  made. 

iii)  The  k  and  c  equations  are  solved  using  the  updated  velocity  field  to  obtain  the 
distribution  of  effective  viscosity. 

iv)  Any  auxiliary  equations  (e.q.  enthalpy,  species,  conservation,  radiation  or 
turbulence  properties)  are  solved  using  the  previously  updated  values  of  the  other 
variables. 

v)  Where  interphase  coupling  is  to  be  included,  a  solution  of  the  equations  of  motion 
of  the  droplets  is  obtained  at  Intervals  and  used  to  augment  the  source  terms  of 
the  appropriate  gas  flow  equations. 

These  steps  can  be  continued  until  the  error  mentioned  in  (ii)  has  decreased  to  a 
required  value. 

Calculations  and  Measurements. 

The  work  to  be  described  concerns  measurements  and  calculations  on  a  single  dump 
combustor  of  dimensions  shown  in  Figure  1. 
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Figure  1.  Dump  combustor  geometry  showing  position  of  swirl 
stabiliser.  Baffle  stabiliser  is  situated  at 
dump  plane. 

The  inlet  conditions  involved  a)  no  stabiliser  b)  a  three  element  baffle  at  the  dump 
plane  c)  a  swirl  stabiliser  at  8  cm  upstream  of  the  dump  plane.  In  all  cases  k-e 
turbulence  modelling  of  the  flow  field  has  been  applied  and  for  the  baffle  case 
combustion  calculations  have  also  been  performed.  The  baffle  used  consisted  of  thin 
plate  with  rectangular  obstructions  of  30%  total  blockage  area.  For  the  swirler,  the 
design  was  based  on  that  of  Buckley  et  al.  (6)  and  employed  computed  blade  shapes  which 
could  produce  different  tangential  profiles  with  a  common  swirl  number.  Three  of  these 
designs  have  been  measured  at  swirl  numbers  of  0.4,  as  part  of  a  larger  study  to 
Investlgage  the  influence  of  profile  shape,  although  only  results  for  approximately  free 
vortex  will  l3e  reported  here. 

The  U3A  system  employed  consisted  of  a  backscatter  arrangement  with  frequency 
shifting,  and  signal  processing  was  by  means  of  a  burst  correlator. 
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The  light  from  a  488  run  argon  laser  was  focused  onto  a  rotating  diffraction  grating 
using  a  200  mm  focal  length  lens.  This  ensures  a  circular  cross  section  of  the 
diffracted  beams  thus  maximising  subsequent  beam  crossing  and  minimising  uncorrelated 
noise . 

Two  further  lenses  collimate  the  tiorders  and  also  permit  the  choice  of  beam 
separation  and  hence  fringe  spacing  in  the  manner  described  by  Wigley  (7) .  The  beams 
are  focused  and  crossed  by  an  output  lens  at  1500  mm  focal  length  thus  providing  some 
considerable  distance  between  the  test  rig  and  the  instrumentation.  For  single  photon 
collection,  as  with  this  configuration,  data  processing  is  by  autocorrelation  and 
summation  resulting  in  accumulated  autocorrelation  functions  containing  all  velocity 
variations  occurring  during  the  sampling  interval. 

Each  Scutipling  operation  is  controlled  by  a  PET  microcomputer  and  data  is  analysed 
by  a  curve  fitting  procedure  based  on  the  analysis  of  Abbiss  et  al .  (8). 

The  collection  system,  which  was  aligned  at  15°  to  the  output  axis  as  a  means  of 
obtaining  the  desired  longitudinal  resolution,  consisted  of  a  750  mm  focal  length 
collection  lens  of  112  mm  aperture,  focusing  onto  a  collection  pinhole  which  controlled 
the  lateral  resolution. 

A  Malvern  Instruments  RF313  photomultiplier  which  was  capable  of  observing  single 
photons,  was  focused  on  the  collection  pinhole  and  fed  its  output  to  the  50  nsec 
correlator . 

In  a  typical  experimental  run  the  test  rig,  which  is  on  a  motor  driven  traverse,  is 
scanned  across  the  region  of  interest,  with  the  fringe  velocity  being  measured  at  each 
sample  point  simultaneously  by  feeding  the  counting  pulses  from  a  grating  monitor  to 
one  of  the  correlator  storage  channels. 

For  the  present  work  the  fringe  velocity  employed  was  up  to  130  M/s  depending  on 
turbulence  level,  and  the  fringe  spacing  was  88(i-  The  spatial  resolution,  which  is 
determined  largely  by  the  angle  of  collection  and  waist  diameter  at  the  prcbe  volume  was 
around  1  mm  both  longitudinally  and  laterally,  based  on  a  100  times  drop  in  collected 
signal  strength  at  these  limits. 

The  accuracy  with  which  the  progreuti  calculated  peak  velocities  was  assessed  using 
analytically  generated  correlation  functions  with  different  degrees  of  random  noise 
superimposed.  The  error  on  peak  velocities  was  thus  estimated  to  be  ±  0.25  M/s, 

The  air  velocities  used  at  the  80  mm  diameter  inlet  were  between  65  and  75  M/s 
being  limited  by  the  supply  and  seeding  was  by  means  of  0.5u  titanium  dioxide  particles 
generated  by  a  fluidised  bed.  Background  noise  limited  the  closest  approach  to  the 
inner  walls  to  9,24  mm. 

Results. 

Isothermal  flows 

The  first  results  are  shown  In  Figures  2,  3  and  show  a  comparison  of  measured  and 
calculated  velocities  at  three  axial  stations.  Each  figure  shows  a  radial  profile  in 
two  cases  -  with  the  three  element  baffle  and  with  no  baffle.  For  the  baffle  case, 
the  plane  of  measurement  was  on  a  reflection  symmetry  plane  at  90°  from  the  mid-line  of 
one  of  the  baffles.  Figure  3  also  has  an  example  of  the  turbulence  comparison  at  one 
of  the  stations. 
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Figure  2 .  Radial  variation  of  axial  velocity  with  and  without  | 

baffle  stabiliser  at  A)  SO  mm  from  dump  and  B)  150  mm  j 

from  dump  □  and  a  are  experimental  points, 
are  calculated  with  coarse  grid, 
calculated  with  fine  grid. 
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Figure  3.  A)  radial  variation  of  axial  velocity  profile  at  330  nun 

from  dump  plane.  o  are  experimental  points,  _ are 

calculated  with  coarse  grid,  -  are  calculated  with 

fine  grid. 

B)  radial  variation  of  rms  turbulence  at  150  mm  from 
dump  plane,  with  and  without  baffle,  □  and  a  are 
experimental  points,  _ are  calculated  functions. 


In  all  cases,  the  'no  baffle'  condition  shows  good  agreement  between  measured  and 
calculated  velocity  and  turbulence,  showing  that  in  this  case,  the  k-e  model  is 
satisfactory . 

For  the  case  with  baffles,  the  agreement  is  moderately  good  at  50  mm  from  the  dump 
plane  but  deteriorates  as  one  goes  down  stream,  with  the  measured  values  flattening  out 
much  more  quickly.  Examination  of  the  turbulence  values  indicates  that  the  model  has 
greatly  underestimated  these,  and  most  likely  accounts  for  the  much  slower  levelling  out 
of  the  velocity. 

Measurements  have  also  been  made  with  a  swirl  stabiliser  situated  at  8  cm  upstream 
of  the  dump  plane  which  produced  approximately  free  vortex  type  swirl  and  an  overall 
swirl  number  of  0.4.  The  comparison  between  calculated  and  measured  fields  is  shown  in 
Figure  4  at  a  number  of  axial  stations.  The  measured  values  show  a  characteristic  axial 
recirculation  zone  and  a  short  reattachment  distance  to  the  dump  wall.  The  k-c  model 
here  however,  is  unable  to  reproduce  even  the  main  features  of  the  flow,  showing  a  strong 
axial  forward  flow.  This  confirms  results  obtained  in  other  areas  on  swirling  flows 
using  this  model  and  indicates,  as  with  these,  that  a  more  fundamental  turbulence  algorithm 
is  needed.  This  however,  is  a  more  complicated  case  than  a  'tangentially  driven'  cyclone 
flow  where  the  axial  derivatives  are  much  smaller,  and  most  probably  requires  a  more  time 
consuming  algebraic  modelling  approach  than  that  case. 

Figure  4 . 

Comparison  of  axial  velocity  vs  radius  at  a  number  of  50  M/s 
axial  stations  from  the  dump  combustor  with  swirl  ■ 

stabiliser. 


Combustion  case. 


Figures  5,  6  and  7  show  some  typical  results  which  can  be  obtained  for  fuel  spray 
combustion.  The  three  element  baffle  has  been  used  here  and  a  single  spray  is 
injected  from  upstream  at  right  angles  to  the  wall.  A  distribution  of  drop  sizes  is 
employed  ranging  from  5u  to  100  u  with  a  Rosin  Raromler  distribution  of  mean  50  u  and 
width  parameter  of  2.2. 


Figure  5.  Trajectory  patterns  for  a  range  of  drop  sizes  from  5 
to  100  microns.  Crosses  show  points  of  evaporation. 
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Figure  6.  Three  dimensional  plot  of  constant  mass  fraction 
of  evaporated  fuel  at  mass  fraction  of  0.01. 

Preheated  air  at  550°K  is  used  as  input  and  a  fuel/air  ratio  of  0.02  is  used. 

Figure  5  shows  the  trajectory  and  evapo-ation  history  of  ten  drops  of  different  sizes. 
The  smallest  penetrate  least  into  the  flow  and  are  convected  inside  the  dump.  The 
crosses  show  the  points  at  which  they  evaporate.  It  can  also  be  seen  that  some  of  the 
larger  droplets  do  not  evaporate  within  the  range  considered,  and  it  is  clear  that  this 
kind  of  study  is  of  some  value  in  matching  a  particular  atomiser  to  the  flow  field. 

Figure  6  is  derived  from  information  of  the  kind  seen  in  Figure  5  for  each 
computational  cell  and  shows  a  contour  of  constant  evaporated  fuel  mass  fraction.  This 
is  invaluable  information  in  indicating  where  unburnt  evaporated  fuel  originates  and  is 
convected.  It  can  be  seen  from  the  figure  that  the  pattern  is  following  the  general 
pattern  and  then  becoming  entrained  in  the  strong  recirculation  zone  behind  the  baffles. 


Figure  7.  Three  dimensional  plot  of  constant  temperature  of 

2000  X. 

Figure  7  is  a  similar  contour  plot  for  temperature  at  2000°K  and  again  shows  the 
curvature  associated  with  one  of  the  recirculation  bubbles.  Such  information  is  useful 
in  association  with  evaporation  patterns  in  correcting  for  hot  wall  regions. 

Conclusions . 

Some  of  the  main  features  of  the  flow/ccmabustion  model  have  been  described,  and  the 
ease  of  setting  up  a  device  geometry  has  been  emphasised. 
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The  dump  combustor  study  has  underlined  some  of  the  limits  of  applicability  of  the 
k-c  model  and,  in  addition  to  the  axially  symmetric  swirling  flow  these  appear  also  to 
Include  flows  with  strong  recirculation  zones. 

From  previous  work  (2) ,  it  appears  that  a  more  fundamental  approach  to  the  shear 
stress  modelling  will  correct  most  of  the  difficulty  and  the  incorporation  of  these  new 
developments  for  the  strongly  3-D  case  is  currently  underway. 
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C.Hirsch 

Could  you  give  some  more  details  on  the  numerical  techniques  used  and  the  type  of  scheme'’  In  addition  your 
results  seem  to  draw  a  large  grid  dependence  which  is  to  be  expected  with  the  rather  coarse  grids  you  are  using. 

How  do  you  ensure  therefore  that  the  discrepancies  between  compulation  and  date  are  solely  due  to  the 
deficiencies  of  the  k-e  models? 

Author’s  Reply 

We  have  carried  out  extensive  tests  on  different  finite  difference  schemes  including,  for  example:  central  difference, 
skew  upwind  difference,  and  the  quadratic  (“QUICK”)  scheme.  In  the  study  presented  here  the  power  law  scheme 
was  used  which  we  have  found  to  be  the  most  suitable  for  general  use,  although  others  are  more  accurate.  We 
have  also  studied  the  efficacy  of  different  band  matrix  solution  procedures.  Whilst  Stone’s  method  yields  more 
rapid  solutions  in  many  cases,  the  TDMA  procedure  used  here  has  proved  to  be  more  robust  in  a  wide  variety  of 
problems.  Nevertheless,  we  expect  further  developments  in  the  solution  method  in  the  future. 

Grid  independence  of  the  solution  has  been  verified  provided  the  grid  is  fine  enough  to  define  the  details  of  the 
flow  field.  Quantitative  criteria  can  also  be  used  to  ensure  that  the  grid  is  sufficiently  fine  and  grid  independence 
of  the  two-dimensional  results  presented  here  has  been  checked.  Our  lack  of  faith  in  the  k-e  model  is  largely  based 
on  earlier  studies  which  we  presented  in  References  A  and  B.  In  that  study  we  report  our  detailed  L.D.  A.  experi¬ 
mental  results  for  strongly  sheared  (swirling)  flow  and  numerical  results  using  both  the  k-e  model  and  an  algebraic 
stress  turbulence  model  which  we  have  developed.  The  inability  of  the  k-e  model  to  correctly  predict  such  flows 
was  demonstrated  conclusively. 

Reference  A;  Boysan,  F.  and  Swithenbank,  J.,  Numerical  Prediction  of  Confined  Vortex  Flows,  Second  International 
Conference  on  Numerical  Methods  in  Laminar  and  Turbulent  Flow,  Venice,  1981. 

Reference  B;  Boysan,  F.,  Ayers,  W.H.  and  Swithenbank,  J.,  Transactions  of  I.  Chem.  E.,  601 ,  1982. 
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I  14.  Abstract 


The  Conference  Proceedings  contain  36  papers  presented  at  the  Propulsion  and  Energetics 
Panel  62nd  Symposium  on  Combustion  Problems  in  Turbine  Engines  which  was  held  in 
^ejme,  Turkey,  on  3-6  October  1983.  ,  £ 


\  ^  -  The  Technical  Evaluation  l^eport  is  included  at  the  beginning  of  the  Proceedings.  ^Questions 
j  and  answers  of  the  discussions  follow  each  paper.  The  Symposium  was  arranged  in  seven 
sessions:  Fuel  Research  (3);  Fuel  Effects  in  Main  Burners  (6);  Fuel  Preparation  (8); 
Kinetics  and  Soot  Formation  (5);  Liner  Cooling  and  Traverse  Quality  (4);  Combustion 
Model  Elements  (4);  and  Modelling  for  Main  Burners  (6). 


The  purpose  of  the  Symposium  was  to  review  new  results  of  modelling  and  experimental 
investigations  in  the  combustion  field  performed  in  the  last  four  years,  and  to  provide  a 
platform  where  research  scientists  from  establishments  and  universities  as  well  as  develop¬ 
ment  specialists  from  industry  could  discuss  their  problems. 
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